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National Aeronautics and
Space Administration

Ames Resear ch Center
M offett Field, CA 94035-1000

September 5, 2001

Friends of Rotorcraft:
Thank you for attending the Rotorcraft Technology Transition Workshop.

We are conducting this workshop as part of the orderly phase-out of the Rotorcraft Base
Program. The program represents a NASA investment of more than $100 million over the past
five years — our purpose today is to obtain maximum value for that investment.

The presentations summarize some of the key accomplishments of the program, and these
notes include a bibliography listing publications associated with each presentation. The
Rotorcraft Program comprises four projects executed by participants at the Ames, Langley, and
Glenn research centers working with the Department of the Army, Federal Aviation
Administration, a number of universities, and contractors:

* RAPID — Revolutionary Approaches the Produce Innovative Design Technologies
e SILNT — Select Integrated Low-Noise Technologies

* SAFOR - Safe All-weather Flight Operations for Rotorcraft

* NRTC — National Rotorcraft Technology Center

The desired outcomes of today’ s meeting are to inform you of the work accomplished and
research results available, to identify technologies that can be transitioned into products or,
where appropriate, into further research and development, and to establish actions that will
further these goals. To that end, | urge you to arrange breakout meetings, teleconferences, and
other activities with the NASA managers and technical team |leaders as you desire.

We thank you again for coming to Ames and for the support you’ ve shown over the years.
Please contact me at any time if we can help you or answer questions.

Sincerely,

)y

Dr. John J. Coy

Manager

NASA Rotorcraft Base R& T Program
Telephone: (650) 604-3122

E-mail: jcoy@mail.arc.nasa.gov



NASA ROTORCRAFT TECHNOLOGY TRANSITION WORKSHOP
September 5-6, 2001
NASA Ames Research Center

Purpose:

1. To review and make available results of research accomplished by the
NASA Rotorcraft Program

2. To identify opportunities for transitioning further development of selected
technologies to other entities

3. To identify and facilitate the necessary actions for these transitions

Agenda:
Wednesday, Sep. 5
08.30 Welcome, purpose of meeting
08.45 RAPID (Bob Kufeld)
10.00 Break
10.15 SILNT Langley tasks (Mike Watts)
11.30 SAFOR Ames tasks (Laura Iseler)
12.15 Lunch
13.30 GRC RAPID, SILNT, SAFOR tasks (Jim Zakrajsek)
15.15 NRTC (Steve Dunagan)
16.00 Organize breakout meetings - identify issues & participants
16.30 Adjourn
Thursday, Sep. 6
08.00 Breakout meetings
12.00 Lunch
13.00 Wrap-up, summarize planned actions
13.30 Adjourn

Contacts:

Dr. John Coy, Program Manager, (650) 604-3122, jcoy@mail.arc.nasa.gov

George Price, Deputy Program Manager, (650) 604-4549, gprice@mail.arc.nasa.gov

Robert Kufeld, RAPID Project Manager, (650) 604-5664, rkufeld@mail.arc.nasa.gov

Michael Watts, Langley Rotorcraft Manager, (757) 864-3723, m.e.watts@Iarc.nasa.gov

Laura Iseler, SAFOR Project Manager, (650) 604-0872, liseler@mail.arc.nasa.gov

James Zakrajsek, Glenn Research Center, (216) 433-3968, James.J.Zakrajsek@grc.nasa.gov
Dr. Stephen Dunagan, NRTC Project Manager, (650) 604-4560, sdunagan@mail.arc.nasa.gov
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Robert M. Kufeld, Project Mgr.
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1) Revolutionary Approaches to Produce Innovative Design Technologies

Project Goal

Revolutionize vertical flight & design to enable
vertical flight as a solution to the Nation’s
“throughput and mobility” problems.

Objectives

1. Develop validated, fast, accurate, physics-
based models design tools for

1. aeromechanics predictions of
revolutionary rotor concepts
2. composite structures
3.  transmission fatigue life prediction
2. Integrate emerging design tools and
processes into industry for the design of
revolutionary rotary wing vehicle.
Benefit
Significant reductions in development time, cost
of operation and ownership, and cost per
passenger mile while increasing passenger
acceptance of vertical lift vehicles.

/

« Aeromechanics

« Composite Structures

e Transmissions

* Physics-based Design Tools
« Revolutionary Concepts

« Experimental Validations

Technology Transition Workshop — September 5, 2001
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» Advanced Configurations
« Runway Independent Aircraft Concepts
» Parametric Design/Cost Model
« Variable Diameter Tilt Rotor Demonstrator
» Swashplateless Flight Demonstrator
* Ducted Fan

* Physics-Based Models Development
* Modeling of Rotorcraft Aerodynamics
* Modeling and Validation of Hovering Rotor
» Real Time Rotorcraft Free Wake Modeling
* UH-60 Airloads
« Unsteady Aero
« Applied Particle Image Velocimetry

« Tilt Rotor Aerodynamic/Acoustic
« Tiltrotor Aeroacoustic Model
« Adaptive Flow Control/Download Reduction
« Tiltrotor Descent Aerodynamics 80x120
« Tiltrotor Descent Aerodynamics 7x10
« Tiltrotor Aeromechanics Assessment Committee

 Noise/Vibration control
« Active Noise Controller Development
« Individual Blade Control
* Smart Rotor
« Active Elevon Rotor
« Intelligent Noise and Vibration Control

Technology Transition Workshop — September 5, 2001




Advanced Concepts s %7

M\ Runway Independent Aircraft e

Rotorcraft Program

7 Revolutionary Approaches to Produce Innovative Design Technologies

Down Selected Phase 1 Configurations
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Goal

The goal of these design studiesis to devel oped information that will identify technology barriers, payoffs,
and priorities for future rotorcraft research. The study will provide initial information on arange of
conceptual designs of advanced vertical lift solutions that could serve as part of the national air
transportation system. Thisinformation isintended to:
1. Identify candidate solutions that embody advanced vertical flight technology
2. Enable selected solutions to be assessed using the NASA systems analysis models to determine the

potential benefits of vertical flight as part of the air transportation system

3. Establish goalsfor future research in vertical flight technology

These solutions should be capable of providing attractive, reliable, and affordable service from vertiports,
general aviation airports, or hub airports in simultaneous non-interfering operations. This supports
NASA’sgoasfor Capacity and Mobility.

Accomplishmentsto Date

Three contractor completed assessment of a wide verity of concepts for a 200-to 600 mile transport carrying
40 to 120 passengers judging them with Cost per seat mile, noise, speed, and reported results. Currently
each contractor doing detail study of the down selected concept.

Future Plans/ Opportunities
Complete detail study and report results and incorporate findings into NASA’ s Air Transportation System
Study.

POC
George Price, Ames Research Center (650) 604-4549, gprice@mail.arc.nasa.gov
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Goal

Develop an in-house capability to predict the cost and performance of conventional and advance rotorcraft
as they operate within the National transportation system This supports NASA’ s goals for Capacity and
Mobility.

Accomplishmentsto Date

The source code for VASCOMP (1986,1997,2000) and HESCOM P parametric design codes were obtained
and studied. Develop and improved the VASCOMP input glossary using Spreadsheet macros to facilitate
the generation of input parameters. Updated the 1983 documentation. Exercised HESCOMP and
VASCOMP programs for advance rotorcraft to ensure the codes were operational. Studied the
commercially available cost datafor airliners to validate existing cost models and make improvements to
the cost model trend equations.

Future Plans/ Opportunities

Improve the cost model for rotorcraft by expansion of the number of cost trend equations as function of
design and performance parameters. Complete documentation update. Perform parametric design studies
for advanced rotorcraft using the HESCOMP and VASCOMP codes.

POC
Johannes M. van Aken Ames Research Center (650) 604-6668 jvanaken@mail.arc.nasa.gov’
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Goal

The goal of thiswork isto build a small-scale flight demonstrator to assess the feasibility of using VDTR to
help solve national air transportation system problem. The VTDR will provide better hover and forward
flight performance that regular tilt rotors thus providing better operating cost. This supports NASA’s goals
for Capacity, Mobility and Technology Innovation

Accomplishmentsto Date
Completed conceptual design layout of the proposed demonstrator and submitted report on performance for
inclusion in the national air transportation system study.

Future Plans/ Opportunities
Plans include building a flight demonstrator, testing in wind tunnel, and flight testing and reporting results if
Phase II| REVCON funding is approved.

Partners
NASA REVCON, Sikorsky

POC
John Madden, Ames Research Center, (650) 604-4590, jmadden@mail.arc.nasa.gov
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Goal

The goal of thiswork isto build a small-scale flight demonstrator to assess the feasibility of using
Swashplatel ess control to help solve national air transportation system problem. The swashplatel ess rotor
will provide individual blade control and reduce maintenance, improving performance, and reducing
operating cost. This supports NASA’s goals for Capacity, Mobility and Technology Innovation

Accomplishmentsto Date
Completed conceptual design layout of the proposed demonstrator, complete construction of fuselage, and
submitted report on performance for inclusion in the national air transportation system study.

Future Plans/ Opportunities
Plans include completing a flight/wind tunnel test vehicle, testing in wind tunnel, flight testing
computational modeling and reporting results if phase Il REVCON is approved.

Partners
NASA REVCON

POC
Khanh Nguyen, Ames Research Center, (650) 604-5043, knguyen@mail.arc.nasa.gov
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Goal
The goal of the work is to evaluate performance of an aternative lift system for amicrovehicle lift platform.
This supports NASA’s goals for Maobility and Technology Innovation.

Accomplishmentsto Date
A wind tunnel test was used to study the effects of ducted fan geometry and a CFD analysis was used to
provide a baseline for correlation with experimental measurements.

Future Plans/ Opportunities
Document results of test. A paper will be given this January at AHS Aeromechanics Conferencein San
Francisco. Assess the adequacy of design for microvehicle.

Partners
Millennium Jet, DARPA

POC
Anita Abrego, Ames Research Center, (650) 604-2565, aabrego@mail.arc.nasa.gov
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CFD Calculated Hover Flowfields

Vv-22 VDTR

Vorticity contours (B/W) and confined Time dependent particle traces
streamlines (blue)
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Goal
The goal of the work is to develop advance Computationa Fluid Dynamics tools and applied them to
complex configuration. Thiswork supports NASA’s goal for Technology Innovation.

Accomplishmentsto Date

Completed comparison of baseline V-22 and Variable Diameter Tilt Rotor (VDTR) hover flowfields and
performance using large-scale, high fidelity, turbulent flow, moving body ssmulation. The CFD tool
development resulted in an average reduction in computational cost on parallel processors of 50%.

Future Plans/ Opportunities
Improve dynamic CFD simulation with efficiency and ease of use enhancements and demonstrate CFD tool
on NASA information Power Grid

Partners
Army, DARPA

POC
Mark Potsdam, Ames Research Center, (650) 604-4455, mpatsdam@mail.arc.nasa.gov



Hovering Rotor Performance Predictions
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Off-body and near-body CFD grid systems for
the UH-60A model rotor blade in hover

Computed vorticity contours 45° behind the rotor n
blade for the 64 million grid point solution
Technology Transition Workshop — September 5, 2001

Goal

Validations of large-scale computation tool to predict the performance of an UH-60 rotor in hover with high
numerical resolution to carefully control numerical effects and accuracy. Thiswork supports NASA’s goal
for Technology Innovation.

Accomplishmentsto Date

Large-scale computations have been conducted. Baseline computation used 10.6 million grid points and
one high-resolution simulation used 64 million points. The 64 million grid points pushes the limit of
current high performance computer capacity. All solutions show very good agreement with experimentally
measured rotor performance. The computations show the high-resolution grid can produce high-accuracy
performance results and a wealth of detailed flowfield information.

Future Plans/ Opportunities
Develop code for computation on massively parallel computer to prepare for validation efforts on more
complicated unsteady rotor simulations in forward-flight.

Partners
Army

POC
Dr. Roger Strawn, Ames Research Center, (650) 604-4510, rstrawn@mail.arc.nasa.gov
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V-22 Tiltrotor in a 45°/sec roll
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Goal

Develop complex, realistic rotor wake agorithms with fast CPU cycles time to enhance real time rotorcraft
simulation used to support control system design and crew training. Thiswork supports NASA’s goal for
Technology Innovation.

Accomplishmentsto Date

The aerodynamic wake models have been completed and can now support high fidelity, real time simulation
of free wakes from rotorcraft. This capability has been demonstrated on both a conventional stand-alone
serial processing workstation as well asin acode “module’ to Sikorsky's GenHel full rotorcraft simulation.

Future Plans/ Opportunities

Validation for the real time free wake module will be carried out by CDI and Sikorsky, simulating steady
and maneuvering flight in GenHel. Project reporting, model documentation and training of NASA
personnel will be completed soon.

Partners
CDI (NASA SBIR Program)

POC
Tom Norman, Ames Research Center, (650) 604-6653 thorman@mail.arc.nasa.gov

11
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UH-60 UTTAS Maneuver

Section moment at r/R = 0.865
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Goal

The goal isto obtain comprehensive, accurate, documented airloads over the complete operating limits of

the UH—60 rotor system that will have long-term value and widespread accessibility so that the rotorcraft
community can increase their understanding of rotor behavior, refine and validate their analysis tools, and

design improve rotorcraft. This supports NASA’s goals for Capacity, Mobility and Technology Innovation

Accomplishmentsto Date

Completed a small-scale wind tunnel test in DNW and a full-scale flight test including maneuvers and
acoustic. A large easy accessible database is maintained by NASA for use by industry and DOD. Severd
papers published and validation of prediction tools have been preformed. NRTC has used datato help
improve prediction tools.

Future Plans/ Opportunities

Maintain database and continue uses of datafor validations. NRTC has initiated a new effort to improve
the industry prediction codes using airload data for validation. Publish addition documentation. Collect
wind tunnel measurements of the rotor airloads.

Partners
Army

POC
William Bousman, Ames Research Center (650) 604-3748, wbousman@mail.arc.nasa.gov

12



Unsteady Aerodynamic Experiment

: J

7

)
I-I-I-II

Rotorcraft Program

W 7 Revolutionary Approaches to Produce Innovative Design Technologies
|Iiil
-

Velocity Contours

Technology Transition Workshop — September 5, 2001

Goal

The goal of this project was to collect a complete set of aerodynamic loading information for a horizontal
axiswind turbine over its full operating envelope using NASA Ames 80- x120-ft wind tunnel and a highly
instrumented pressure blade. The wind turbine was also model using unsteady Reynolds averaged Navier-
Stokes simulation (CFD calculation). The datawill be used to validate current performance and loads
predictions codes and the CFD models give insight to help develop aerodynamics models for rotor design
codes). Thiswork supports NASA’s goal for Technology Innovation.

Accomplishmentsto Date

The test was completed in June 2000. CFD as well as comprehensive models were developed and
exercised. Comparison to experimental results was made. A blind comparison with over ten different
analyses was completed in November. Detail study of the stall delay is currently underway.

Future Plans/ Opportunities
Continue stall delay study work with DOE and work with DOE to develop Aeroacoustic codes.

Partners
DOE

POC
Robert Kufeld, Ames Research Center, (650) 604-5664, rkufeld@mail.arc.nasa.gov

13
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Goal

Develop avisualization tool to allow arapid means for discovering the detailed structure of a vortex that
trails from the tip of ahovering rotor. Thistool will be used to validate complex rotorcraft wake theory,
increase the understanding of vortex dynamic and allow a quantitative evaluation of various wake altering
devices. Thiswork supports NASA’s goal for Technology Innovation.

Accomplishmentsto Date
V elocimetry measurements of tip vortex strength with various wake altering devices were made.

Future Plans/ Opportunities

High resolution measurements in the near wake of main rotor blade will be used to develop and validate a
theory designed to separately determine rotor thrust, profile drag and induce drag and define the aging and
blade interaction on the structure of the vortex

Partners
Army

POC
Dr. Kenneth McAlister, Ames Research Center (650) 604-5892, kmcalister@mail.arc.nasa.gov

14
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Goal

Develop and demonstrate a state-of-the-art tiltrotor test-bed. Acquire aeroacoustic database for validation
of design tools required for tiltrotor noise reduction. Thiswork supports NASA’s goal for Noise reduction,
Capacity, and Mobility.

Accomplishmentsto Date
Hover and forward flight wind tunnel testing was performed acquiring rotor blade structural loads, rotor and
fuselage balance loads, and wing pressures, acoustics and flow visualization.

Future Plans/ Opportunities

Continued development of model is planned and further testing will be performed in the 80-by 120-foot
wind tunnel in late 2001. Advanced tiltrotor technologies and vehicle configurations will be validated/
demonstrated in the future using TRAM.

Partners
NASA SHCT Project

POC
Megan McCluer. Ames Research Center (650) 604-0010, mmccluer@mail.arc.nasa.gov
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. 0.25 Scale V-22
- R=4.75ft (1.48 m)

. 3 Six-component balances

. 2 Electric drive motors, 300
HP each

- Bayonet mount, -9 to +18
degrees AOA

- Aeroelastically scaled
rotors

- 150 Dynamic transducers in
right-hand rotor

- 80-by 120-ft wind tunnel
entry in FY 02

Technology Transition Workshop — September 5, 2001

Goal

Use the TRAM with its advance instrumentation and modified with advance controls and flow actuators to
reduce the down load during hover and low speed flight. The results should quantify power and flow
requirements and help predict load reductions. This supports NASA’ s goals for Capacity, Mobility and
Technology Innovation

Accomplishmentsto Date
After successful completion of the first Full-Span TRAM test the model is under-going modifications to
prepare for the wind tunnel entry in FY 2002

Future Plans/ Opportunities
Results from this effort could be used to improve performance of the V-22. TRAM will continue to be a
testbed for tilt rotor research.

Partners
DARPA, Boeing

POC
Jeff Johnson, Ames Research Center, (650) 604-6976, jljohnson@mail.arc.nasa.gov
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Goal
The goal was to develop accurate model to predict blade loading, including rotor interaction for tilt rotor at
high descent rates. This work supports NASA’s goal for Capacity and Mobility.

Accomplishmentsto Date

Completed alow-cost wind tunnel test of tiltrotor at high descent rates and documented flight conditions
that put the rotor in a“vortex-ring-state”. Thisis characterized by an unsteady rotor wake and oscillatory
rotor thrust. Discovered that when high descent rate is combined with roll rate on atiltrotor aircraft in
helicopter mode, roll moment in the roll direction increases with roll rate, which could lead to loss of roll
control

Future Plans/ Opportunities

Communicate resultsto V-22 Integrated Test Team. Use acquired data to validate and improve analytical
models. Conduct more wind tunnel experiments to better understand the implications of vortex-ring-state
for tiltrotor aircraft.

POC
Mark Betzina, Ames Research Center, (650) 604-5106, mbetzina@mail.arc.nasa.gov
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Isolated rotor with image plane
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Goal

The goal was to develop accurate model to predict blade loading, including rotor interaction for tilt rotor at
high descent rates. The use of small-scale modelsisinvestigated for the study of descent aerodynamics. If
trends match previous testing of larger scale a more productive testing environment could be used. This
work supports NASA’s goal for Capacity and Mobility.

Accomplishmentsto Date

An experimental investigation was completed in the 7- by 10-Foot wind tunnel investigating atiltrotor
operating in descent and sideslip conditions. Results show that this small scale model capture the necessary
physics to investigate the aerodynamics of interest.

Future Plans/ Opportunities

Document results of wind tunnel investigation. Conduct afollow-on test program that will provide higher
fidelity information on the ability to model full-span behavior with a single rotor operating in the presence
of animage plane. Provideresultsto U.S. Navy V-22 program to understand fundamental behavior of
tiltrotor aircraft in high-speed descent

Partners
Navy

POC
Anita Abrego, Ames Research Center, (650) 604-2565, aabrego@mail.arc.nasa.gov
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DEPARTMENT OF THE NAVY
NAVAL AIR SYSTEMS.

Dr. Henry McDonald

Director, Ames Research Center
M/S 200-1

National A and Space A
Moffett Field, CA " 94035-1000

Dear Dr. McDonald:

T'am certain you are aware of the recent Department of Defense Blue Ribbon Panel's

cvaluation of the V-22 Osprey. As a result of the Panel's findings, the Navy has decided to =
conduct an indep ofTﬂrmtor hanics - focusing o:y ‘vortex ring' V 22 OSprey
and ion. We are i in ing the complete spectrum of
topics - from theory and experiments through full-scale testing, with contributions from
academia, government, and industry. I would expect a report in about mid-July, followed by Iﬁ' Pre-Decisional

presentations to senior leadership in both the Navy and Defense Department.

CnvenNASAslonghmorymTﬂuowummh.lbehcveuwouldbenppropmlemeASA TIltrOtor AeromeChanICS Phenomena
. t0 lead such an and scek your Independent Assessment

Mr. John McKeown is my coordinator and had some informal discussions with Dr. John Zuk Report
regarding your potential assistance, You may reach Mr. McKeown at (301)342-4091 or by

email, mckeownjc@navair.navy.mil. »‘ 0 W&
Thank you for your consideration. - 2

Sincerely,

Adminal, U.S. Navy Dr. Henry McDonald, Director

NASA Ames Research Center
August 14, 2001

Technology Transition Workshop — September 5, 2001

Goal

To develop a comprehensive assessment and summary of Tiltrotor Aeromechanics Phenomena (vortex ring
state, autorotation, low speed maneuvering, etc.) that could be encountered by tiltrotor aircraft. This
activity supports NASA’s goal for Capacity and Mobility.

Accomplishmentsto Date

The Naval Air Systems Command requested that NASA lead an “independent assessment of Tiltrotor
aeromechanics - focusing on ‘vortex ring’ characteristics and autorotation.” In response to the Navy's
request, a committee was established, including both a Technical Team and a Panel to assess the present
understanding of tiltrotor aeromechanical phenomena. The Technical Team was led by Ames personnel
and included representatives from government, academia, industry and the military. The Panel was chaired
by Dr. McDonald and consisted of non-affiliated senior rotorcraft aeromechanics experts. Meeting were
held during the summer and the Panel developed finding and recommendation for their final report. Dr.
McDonald gave a pre-decisional briefing to Under Secretary of Navy's Office, the Secretary of the Air
Force, and the Under Secretary of Defense for Technology and Acquisition in August.

Future Plans/ Opportunities
The final written report is due mid-September with afull briefing to the V-22 Program Executive
Committee.

Partners
Army, Navy, Air Force, Bell, Boeing

POC
Mark Betzina, Ames Research Center, (650) 604-5106, mbetzina@mail.arc.nasa.gov
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Active Noise Controller Development
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Goal
Develop and test a controller to reduce rotorcraft blade-vortex interaction (BV1) noise. Thiswork supports
NASA’sgoa for Noise reduction.

Accomplishmentsto Date

Demonstrated successful BV noise reduction using microphone and blade-mounted pressure feedback
along with a dedicated signal processing technique for noise detection using higher harmonic control on an
XV-15 rotor in the 80x120 wind tunnel.

Future Plans/ Opportunities
Refine and test controller algorithms for the upcoming individual -blade-control test of the full-scale UH-60
Rotor in the 40- by 80-Foot Wind Tunnel.

Partners
NASA SHCT Project

POC
Khanh Nguyen, Ames Research Center, (650) 604-5043, knguyen@mail.arc.nasa.gov
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Goal

The goal of the individual blade control (IBC) system research isto develop the IBC technologiesto the
point where their effectiveness can be successfully demonstrated in-flight on a production military or
civilian helicopter. It isanticipated that IBC will provide very effective rotor system noise suppression,
together with substantial reductionsin helicopter vibration and increases in rotor performance. This
supports NASA’s goals for Noise, and Technology Innovation

Accomplishmentsto Date

The IBC system has been installed, checked out and operated on the LRTA within NASA Ames Research
Center’ s 80x120-ft wind tunnel. Data has been collected for hover and forward flight. The data collected
so far have shown 80% reduction in vibration and 8db reduction in noise.

Future Plans/ Opportunities

Plan include the completion of current 80x120 test with afollow-on high speed test in 40x80 using current
test rig and a set of wide chord UH-60 blades. It isbelieved vibration reduction of 90% and 12db reduction
of BVI noise will be seen. Advance control laws will be investigated. Operation specification such as input
amplitude, hydraulic flow rates and power requirements will be determined for moving the IBC system to
flight.

Partners
Army, Sikorsky, ZFL

POC
Steve Jacklin, Ames Research Center, (650) 604-4567, §acklin@mail.arc.nasa.gov
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Key Components of Smart MD-900 blade
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Goal
Demonstrate application of smart materials to rotorcraft through full-scale wind tunnel and flight tests of
MD-900 rotor system This supports NASA’s goals for Noise, Technology Innovation, and Capacity.

Accomplishmentsto Date

Demonstrated in amodel flap authority sufficient to achieve major aeroel astic benefits. Built and bench
tested afull-scale MD-900 smart blade equipped with piezoel ectric actuated trailing edge flap. Flight
hardware development is 50% compl ete.

Future Plans/ Opportunities
Test the MD-900 Smart rotor in whirl tower Nov. 01,flight test 2nd quarter 02 and in the 40- x 80-Foot
Wind Tunnel by the end of FY 02.

Partners
DARPA, Boeing

POC
Khanh Nguyen, Ames Research Center, (650) 604-5043, knguyen@mail.arc.nasa.gov
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@A T  Active Elevon Rotor (AER) Technology £.oo%
for Low Vibration

?’
lg
)

Developed by Domzalski Machine under SBIR DAAH10-99-C-0022.

Technology Transition Workshop — September 5, 2001

Goal

The goal of the Active Elevon research isto devel op the technologies and evaluate their performance within
an operational environment. It is anticipated that the active elevon will provide very effective rotor system
noise suppression, together with substantial reductions in helicopter vibration and increases in rotor
performance. This supports NASA’s goalsfor Noise, Technology Innovation and Capacity.

Accomplishmentsto Date

Blade preliminary design 25% complete. Rotor diameter is 13 ft., chord 5.67 in., with 15% elevon chord
and 0.60 tip Mach No. The elevon will use the Conformal Actuator Technology, developed by Domzal ski
Machine. Two-dimension Computational Fluid Dynamics cal culation have been performed by UC Davis.

Future Plans/ Opportunities

Complete blade design and fabrication and proof testing. Perform an airfoil test at DLR. Finish test stand
build-up and checkout including new hub, swashplate, gears, instrumentation and slip ring. Prepare for 40-
x80-ft test in late 20 02.

Partners
Army

POC
Mark Fulton Ames Research Center, (650) 604-0102, mfulton@mail.arc.nasa.gov
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I Intelligent Noise and Vibration Reduction ‘s
Rotorcraft Program S
SILNT- Select Integrated Low Noise Technologies
Commands
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Technology Transition Workshop — September 5, 2001

Goal

The goal of this project isto develop a noise and vibration controller for rotorcraft using enhanced neural
network algorithms and adaptive control technologies for noise and vibration minimization. . This supports
NASA’sgoasfor Noise, Capacity, Mobility, and Technology Innovation

Accomplishmentsto Date

The Research Plan was approved May 1, 2001 for 1QFY 02 testing in Langley Research Center TDT wind
tunnel. FYOL1 funding received and part time contract staff hired to support code development. Dedicated
software licenses purchased to support software development. Control system development and NNET
software modifications currently underway to re-host Neural Generalized Predictive Control.

Future Plans/ Opportunities
Develop notch filtering on cost function, examine both frequency and/or time domain NGPC
implementations using ssmplified system models. Testing slipped to late 02

POC
Donald Solowaty Ames Research Center, (650) 604-6558, dsoloway@mail.arc.nasa.gov
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RAPID

Status Summary

DiTin
- _cans

Rotorcraft Program

Tasks

Advanced Configuration

1. Advance Runway IndependentAircraftConcepts

2. Param etric costm ode b

3. Variabk Diam eterTikRotor (VDTR) Dem onstrator
4.Swashphtekss FlightDem onstrator

5. Ducted Fan Investigation

Computational Code Development

1. Com putation Mode ng ofRotorcraftAerodynam ics

2. Com putation Mode ing and Va kdation ofHovering RorAerodynam ics
3.RealTim e RobrcraftFree Wake Mode ing

4. UH-60 Airbads

6. Unsteady Aero

5. Appied Partick Im age Ve bcim ety

Tilt Rotor Aerodynamic/Acous tic

1. FulkSpan TikRotbrAeracoustic Model

2.V-22 adaptive fbw control

3. TikRobrDescentAerodynam ic 80x 120

4. TikRorDescentAerodynam ic 7x10

5. TikRorAerodynam ic Assessm entCom m itiee

Noise & Vibration control

1. Active Noise controllerxv-15
2.UH-60 IBC

3.Smart

4. Active E bvon Rotor

5. IneligentNoise and Vibration Reduction /NeuralGeneralized Predictive Contit NASA

Technology Transition Workshop — September 5, 2001

Funding Source Status Continuation actions
NASA NearCom p Ee/fiture work in doubt
NASA On-going/trture work in doubt

REVCON Phase | com p ete/fiture work in doubt
REVCON Phase | com p ete/fiture work in doubt
NASADARPA Compkt

ARMY/NASA On-going/Am y shouHl continue

Am y/NASA On-going

SBIR Compkt

NASA/ARMY Phase 1 & Il com pete/fiture work in doubt
DOE/ NASA Compkte

NASA/AmMy Compkt

SHCT/Base/Am 1y Phase 1& Il com p te/fiture work in doubt
DARPA/Boeing Future work in doubt
NASA Phase I comp ke

NASA/Navy Phase | com p ee/Navy funding in FY02
NASA/Navy Compkte
SHCT/BASE Compkte

NASA/Sikorsky/ZFL | On-going/future work in doubt
NRTC/DRAPA/Boeing On-going/rture work in doubt
Am y/NASA On goingHuture work in doubt
NearCompkte
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SILNT Project Overview {55

Project Goal

Develop the technology to reduce rotorcraft
interior and exterior noise, consistent with
NASA Goals: Reduce the perceived noise of
future aircraft by a factor of two by 2007 and
by a factor of four by 2022. Double the
aviation system capacity by 2007 and triple it
by 2022.

Objectives

1. Develop low-noise drive systems

2. Develop low-noise & vibration rotor systems
3. Develop low-noise operations

Benefit

Rotorcraft to meet community and passenger
acceptance standards for environmental
noise and ride quality.

Partners
Bell, Boeing, Sikorsky, US Army, DARPA, FAA
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Technologies/Tasks Presented &=

* RAPID
Active Twist Rotor (ATR, Joint with SILNT)
Projection Maire Interferiometry (PMI)
Wing Rotor Aeroelastic Testing System (WRATYS)
Stringer Pull-off Prediction
e SILNT
— Low Noise Planform
— Modulated Blade Spacing
— Development of Noise Abatement Procedures
— TiltRotor Aeroacoustic Code (TRAC)
— Rotorcraft Aeroacoustic System Prediction (RASP)
— Advanced Rotor Aeroacoustic Modeling (ARAM)
— Rotorcraft Noise Model (RNM)
— DGPS Tracking and Guidance System
— HART Il Test
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Active Twist Rotor Control for Noise and Vibration Reduction
Matt Wilbur, Earl R. Booth, Larry Becker, Paul Mirick, Bill Yeager, and Chester Langston

Relevant Milestone: Assess the feasibility of multiple radical rotor noise and vibration reduction concepts. (SILNT #2 due Sep 00)

Shown: Active Twist Rotor concept. Blades installed in the Transonics Dynamics Tunnel. Test results for simultaneous fixed-system load
reduction obtained using active twist control for a typical 1g forward flight case at an advance ratio of 0.14 and shaft angle-of-attack of —1 degree.
A comparison of BVI noise levels at advance ratio = 0.17 with and without ATR as a function of tip path plane angle is also shown.

Accomplishment/Relationship to Milestone and ETO:

New method for rotor noise and vibration reduction using active twist blade control. Contributes to milestone completion.

Active blade twist was imposed on a rectangular planform, NACA 0012, linear twist blade set. Resulting changes in rotor performance,
vibration and acoustic characteristics were compared with the baseline blade (no active twist) case, in a four-week test in the TDT.
Using an open-loop control system, vibration reductions of 60% to 100% have been demonstrated for all 4P fixed-system load
components with exception of yawing moment. General trend suggests that simultaneous reduction of most fixed-system loads,
regardless of flight condition, is possible.

Noise reduction in conditions dominated by Blade-Vortex Interaction (BVI) noise was comparable to noise reduction provided by Higher
Harmonic Control (HHC). As shown, in the region of highest BVI noise levels for this advance ratio, ATR reduced the noise up to about
3dB.

On July 18 and 19, Matt Wilbur, an Army employee in the Aeroelasticity Branch, traveled with Mr. Dan Hoad, Chief of the Army Loads
and Dynamics Division at Langley, to Sikorsky Aircraft in Stratford, CT, to discuss the results of last year's Active Twist Rotor test in the
Transonic Dynamics Tunnel. Approximately 15 Sikorsky engineers attended the briefing, which was well-received and generated
numerous discussions and comments regarding the potential for active twist rotor systems to minimize vibratory loads in rotorcraft.

A follow-on trip was made on July 23 to present the material to Boeing Helicopters in Philadelphia, PA. A similar, positive reaction was
displayed by Boeing.

Future Plans/Opportunities:

It is intended to test the existing ATR blade set using three closed loop control systems in FY02. These algorithms include testin a
Clasic closed loop controller, Generalized predictive controller and Neural generalized predictive controller.

Extensions of this research would be to build the blade set using MFC actuators to increase control authority and retest with the closed
loop controllers. Additional trips are being planned to present the results to Bell Helicopter and Boeing-Mesa, and other Army
organizations at NASA Ames Research Center and Huntsville, AL.

POC: Matt Wilbur,Langley Research Center, (757) 864-1268, m.l.wilbur@]larc.nasa.gov
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Projection Moire Interferometry (PMI) for Blade Deformation Measurements during Active Twist Rotor (ATR) Testing
Gary Fleming, Hector Soto, and Bruce South

Relevant Milestone: DEAR 5: Rotor/Wake Load Model, accurate model to predict blade loading, including rotor wake interaction, rotor maneuver
neat limits of rotor envelope.

Shown: A schematic of the PMI system configuration for rotorcraft testing is shown along with PMI-measured blade deformation data acquired
during the ATR test. The images show full-field raw and processed PMI data for a single blade at 195 degrees azimuth. Additional plots showing
spanwise blade bending and azimuthally-dependent tip twist are provided.

Accomplishment/Relationship to Milestone and Goal:
. A significant component of this DEAR milestone is the development of advanced test techniques for blade deflections. PMI is a non-
contacting optical technique for measuring structural deformation which can be applied to rotorcraft testing.
. The PMI technique as developed under DEAR was applied to the SILNT ATR test conducted in the LaRC Transonic Dynamics Tunnel to
provide (a) blade deformation data to ATR researchers, and (b) additional development opportunities for the PMI technique.
. PMI was used to obtain full-field ATR blade deformation measurements over the 160 - 220 degree azimuth range for numerous blade
actuation and flight conditions.

. The full-field PMI measurements have been reduced to provide azimuthally-dependent spanwise blade bending, twist, and tip twist data

Plans: The PMI technique will continue to be developed for rotorcraft blade deformation measurements.

POC: Gary Fleming,Langley Research Center, (757) 864-6664, g.a.fleming@larc.nasa.gov
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Interactional Aerodynamics
Kevin Noonan

Relevant Milestone: Rotor/Airframe Interaction Model (RAPID #3 due Jul 03)

Shown: 1) 15%-scale Comanche model in the 14x22-Foot Subsonic Wind Tunnel tested in FY01. 2) Static pressure distributions at one fuselage
cross section (longitudinal station=17 in.) at high sideslip angles without the presence of the rotor flow.

Accomplishment / Relationship to Milestone and ETO:
. Extensive fuselage static pressure measurements were made on the 15%-scale Comanche model during the FYO1 entry in the Langley
14x22-Foot Subsonic Wind Tunnel.
. This work is essential to understand and model the complicated flow field around a helicopter. This research will enable rapid design and
evaluation of innovative vertical lift configurations for the next generation public transportation systems.

Future Plans: Plans are to make extensive measurements of the static pressures on the Comanche fuselage in the presence of the flow field of
the Comanche anhedral tip rotor. DGV measurements will be added to the test instrumentation suite for the next test planned in FY02.

POC: Kevin Noonan,Langley Research Center, (757) 864-3967, k.w.noonan@]arc.nasa.gov
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STABILITY BOUNDARIES ESTABLISHED FOR BASELINE CONFIGURATION OF WRATS TILTROTOR MODEL
Mark W. Nixon

Objective: The objective of this test was to evaluate the stability characteristics of the baseline Wing and Rotor Aeroelastic Testing System
(WRATS) tiltrotor model.

Approach: WRATS, a semispan testbed developed from the former V-22 1/5-scale aeroelastic tiltrotor model, was designed and fabricated by
BHTI. The baseline model is currently on loan from the Navy to the NASA LaRC and is maintained by the LaRC Aeroelasticity Branch which
operates the Transonic Dynamic Tunnel (TDT). Based on the use of the WRATS model, an aggressive test program was developed to address
tiltrotor aeroelastic research issues as identified by: 1) the NASA Short-Haul Civil Tiltrotor (SH-CT) Program; 2) U.S. rotorcraft industry with regard
to the development of marketable tiltrotor technologies; and 3) the U.S. Army with regard to the development of high-speed rotorcraft capabilities.
A key to improving marketability of current tiltrotor systems is to reduce noise and weight and to improve aerodynamic performance. Such
reductions and improvements generally result in an associated detrimental impact on the loads, vibration, and aeroelastic stability of the vehicle.
One opportunity for improving aerodynamic performance in the airplane flight mode is to reduce the wing thickness to chord ratio (t/c). The current
V-22 wing thickness (23% t/c) is necessary to provide the stiffnesses required to avoid proprotor whirl flutter at high speeds. A new wing design
has been developed with structural characteristics tailored using composite materials such that a thinner wing (18% t/c) will have stability
characteristics equal to or better than the current thicker wing. The thick wing design is accurately represented by the current baseline WRATS
tiltrotor model while the thin wing design has been fabricated by BHTI as a modification for the WRATS model.

Accomplishments: During a recent test of the WRATS baseline model in the airplane mode (photo on figure) a significant amount of high-quality
data was obtained. The plots presented on the right side of the figure represent proprotor whirl flutter boundaries for each of two wing torsion
frequencies (altered by replacement of a pylon/wing connection spring). Each frequency corresponds to a different configuration of the full-scale
pylon/wing downstop-lock mechanism. The boundaries are presented as rotor speed as a function of airspeed. As the plots show, a difference in
wing torsion frequency of only 0.2 Hertz produced a shift in the flutter boundary of about 30 rpm at constant airspeed, or equivalently, a shift of
about 12 knots at constant rpom. Subcritical damping data (not shown) of the wing modes as a function of airspeed for each of the two design
rpm’s was also obtained during the test.

Significance: The baseline stability data is of fundamental importance for demonstrating acceptable stability margins of a thin composite wing
design which has been developed based on analytical stability predictions. The airspeed/rpm stability boundary data from this test will be used in
conjunction with data developed from a planned composite tailored wing test to determine if the current analytical design is suitable for flight
testing. The subcritical damping data will be used to compare with and refine analytical predictions.

Plans: The composite tailored wing modification to the baseline tiltrotor model is to be tested in the next WRATS entry. The WRATS has been
repaired and will be operational in late CY01.

POC: Mark Nixon,Langley Research Center, (757) 864-1231, m.w.nixon@larc.nasa.gov
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Composite Stringer Pull-off Failure Prediction
Dr. T. Kevin O’Brien

Relevant Milestone: Establish experimental and analytical methodology for composite stringer pull-off failure prediction.
(RAPID Level 1 Milestone, due 4th Qtr FY01)

Shown: Computed energy release rates for delamination growing in top skin ply interface using different 2D assumptions

Accomplishments

Rotorcraft fuselage consist of very thin composite skins reinforced with adhesive bonded stringers. Unlike fixed wing fuselage structure,
these thin rotorcraft fuselage skins are allowed to buckle under repeated loading, resulting in a separation of the reinforcing stringers
from the fuselage due to a combination of matrix cracking and delamination in the skin or stiffener flange.

Two-dimensional (2D) finite element analyses of tension and bending specimens were performed substituting the standard 2D plane
stress and 2D plane strain elements in the model along with a special 2D generalized plane strain element. Generalized plane strain
elements are typically used to model a section of a long structure that is free to expand axially or is subjected to axial loading. Current
models included matrix cracks and delaminations as observed in the static skin/flange tension and bending tests.

Computed energy release rates were compared for all three types of 2D elements. As shown in the figure, results obtained from the
generalized plane strain model fall between the upper and lower limits from the 2D plane stress and 2D plane strain elements.
However, the different types of elements may yield results that differ by as much as 40%. Because 3D models are too large and slow for
use in design studies, a 2D approach is desired. However, In order to determine which 2D assumption is most accurate for these types
of problems, 3D models are needed.

Future Plans: A 3D finite element analysis will be developed to predict the damage observed in these skin/stringer pull-off specimens typical of
rotorcraft fuselage constructions and determine the most accurate 2D approach for design trade off studies.

POC: Kevin O’Brien, Langley Research Center, (757) 864-1268, t.k.obrien@larc.nasa.gov
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Low Noise Planform
Thomas F. Brooks and Earl R. Booth

Relevant Milestone: Low Noise Rotor (SILNT #2 due Sep 00)
Shown: Wavy planform rotor. Noise levels of wavy rotor noise compared to baseline (straight) rotor.

Accomplishment / Relationship to Milestone and ETO:

. The Wavy Planform Rotor (Patent Disclosure LAR16084-1, Brooks) was tested and compared with a rectangular planform, NACA 0012,
linear twist blade set. This test completes the program milestone and is a major step toward the goal of the SILNT project to
demonstrate new methods of rotor noise reduction.

. Acoustic measurements in the hard-walled reverberant wind tunnel test section employed sound power measurement techniques
calibrated to determine noise levels but not noise directivity. Significant noise reductions of 4 to 10 dB were found for conditions
dominated by blade-vortex interaction (BVI) noise, which is the biggest source of noise during approach and landing of helicopters.
Beneficial noise reductions were also found in low and high frequency ranges which are significant in other flight regimes.

. This technology is a major step in providing community-friendly rotorcraft.

Future Plans: Continue data analysis is required to completely define the performance benefits. Technology will be transferred to industry, with
proposal for cooperative agreement to refine rotor-blade design followed by testing.

POC: Tom Brooks, Langley Research Center, (757) 864-3634, t.f.brooks@]larc.nasa.gov
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Modulated Blade Spacing for Helicopter Main Rotors Preliminary Results of Psychoacoustic Test
Brenda Sullivan, Bryan Edwards, and Earl R. Booth

Relevant Milestone: Assess the feasibility of multiple radical rotor noise & vibration reduction concepts.

Shown: Photograph of subjects in psychoacoustic testing facility, a sketch of the modulated blade concepts and the effect uneven blade spacing
on rotor spectra, and a plot of the subjective rating for the six configurations tested.

Accomplishment/Relationship to Milestone and ETG:

. A subjective test was conducted June 18-26 at the NASA-Langley psychoacoustic testing facility in which the simulated sounds of
modulated and evenly-spaced rotors were played to a group of listeners.

. Six rotor configuration sound simulations were tested. The 4-blade regular spacing was based on the Bell Model 427 helicopter. The 5-
blade main rotor with regular spacing was designed to approximate the performance of the 427, but at reduced tip speed. Four
modulated rotors — one with “optimum” spacing and three alternate configurations — were derived from the 5 bladed regular spacing
rotor.

. The sounds were played to 2 subjects at a time, with care being taken in the speaker selection and placement to ensure that the sounds
were identical for each subject. A total of 40 subjects participated. For each rotor configuration, the listeners were asked to evaluate the
full overflight sounds in terms of noisiness on a scale of 1 to 10.

. The test results are now being compiled. Preliminary results indicate little to no “annoyance” benefit for the modulated blade spacing.
For the level flight condition shown, the subjects preferred the sound of the 5-blade regular spaced rotor over any of the modulated
ones. All the modulated rotors and the 4-blade regular spaced were judged more annoying than the 5-blade regular.

. A preliminary conclusion is that modulated blade spacing is not a promising design feature to reduce the annoyance for main rotors,
although reduced tip speed does hold much promise for evenly spaced main rotors.

Future Plans: Look at more random spacing between blades to determine if the beating effect seen was caused by blade spacing similarities

POC: Brenda Sullivan, Langley Research Center, (757) 864-3585, b.m.sullivan@larc.nasa.gov
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TiltRotor Aeroacoustic Code (TRAC) Development and Validation
Casey Burley, Doug Boyd, Tom Brooks

Goal: Develop full vehicle noise modeling capabilty and validate with measurement with wind tunnel and flight testing.

Shown: The NASA/Army Bell Tiltrotor Aeroacoustic Test 15% scale model rotor in 14- by 22- foot W.T. General flow and contents of the TRAC
system. Example validation results.

Accomplishements: TRAC proprotor and rotor validation performed using Bo105, JVX, TRAM and XV-15 test data. The combined predictions of
harmonic/BVI noise and broadband BWI and Self noise represent the first ‘complete’ main rotor-noise spectra prediction.

Plans: TRAC was a project of the SHCT Program and will be transitioned to the Rotorcraft Aeroacoustic System Prediction (RASP) code for
continued flight noise prediction and system Analysis. This effort will include the improvement or inclusion of:

. improved source noise modeling

. rotor wake defininitio

. rotor/Body Interactions

. Maneuvers

POC: Casey Burley, Langley Research Center, (757) 864-3659, c.l.burley@larc.nasa.gov
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Rotorcraft Aeroacoustic System Prediction (RASP) Development
C. L. Burley, T. F. Brooks, D. D. Boyd Jr., D. A. Conner

Relevant Milestones SILNT L1:
#4 Validated capabilities for noise prediction, modeling, and reduction for rotorcraft.
#3 Develop full vehicle noise modeling capability & validate with measurement from noise abatement flight testing.

Shown: Initial flight predictions using RASP and comparison with measured flight data from an XV-15 rotorcraft during steady level flight and
descent conditions .

Accomplishment/Relationship to Milestone;

. The goal of the SILNT program is to provide analytical methods, advanced technologies and operational procedures that will improve
ride quality, community and passenger acceptance by reduction of rotorcraft system noise and vibration.

. The Rotorcraft Aeroacoustic System Prediction (RASP) was utilized in predicting the noise on the ground during a steady level flight and
descent conditions. Sensitivity of noise prediction to vehicle orientation, vehicle flight speed and descent rate were examined. Details of
acoustic time histories were found to be sensitive, whereas integrated metrics were insensitive to the parameters considered.

. Comparison repeated measured flight acoustics found variability in flight condition and vehicle orientation as a function of flight time.
Measurements were found to be within the expected range of repeatability for flight testing. However, variability found in measured
flight condition and vehicle orientation parameters were found to have a significant effect on the measured acoustic time histories. A
much less effect was found in the integrated noise metrics.

Plans: Perform comprehensive comparison of measured and predicted flight acoustics for XV-15 as well with available helicopter flight data.
Enhance prediction capability for maneuver flight conditions in order to predict noise during flight abatement procedures.

POC: Casey Burley, Langley Research Center, (757) 864-3659, c.l.burley@larc.nasa.gov
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Advanced Rotorcraft Aeroacoustic Modeling (ARAM) Development Project
C. L. Burley, T. F. Brooks, D. D. Boyd Jr.

Relevant Milestones SILNT L1 :
#4 Develop and validate advanced, computational methods for broadband noise prediction.
#1 Validate prediction of main rotor noise by comparison with measured helicopter noise footprints.

Shown: Schematic of BARC and prediction of the complete noise spectrum and comparison with measurement from a Bo105 40% scale main

rotor.

Accomplishment/Relationship to Milestone:

. The goal of the SILNT program is to provide analytical methods, advanced technologies and operational procedures that will improve

ride quality, community and passenger acceptance by reduction of rotorcraft system noise and vibration.

. The Broadband Rotor Aeroacoustic Code (BARC) was developed and validated with acoustic data obtained from a Bo105 model scale
main rotor for conditions ranging from steep descent to climb. BARC predicts and combines the broadband noise sources of Blade

Wake Interactions (BWI) noise and blade Self noise.

. The first predictions of complete noise spectra were made and compared to measured data from a scale model main rotor. The
broadband noise predictions, along with those of harmonic and impulsive Blade-Vortex Interaction (BVI) noise predictions demonstrated

a significant advance in predictive capability for main rotor noise.

. In a complimentary program conducted under the NASA Aviation System Capacity Program, the tiltrotor rotor aeroacoustic code (TRAC)
was developed and validated. Prediction validation was performed for model and flight rotorcraft (tiltrotor and helicopter). Initial

comparisons with flight data were performed and compared well.

Plans: Completion BARC development for flight comparison. Perform comprehensive comparison of predicted and measured flight footprints for

entire flight regime from climb to descent.

POC: Casey Burley, Langley Research Center, (757) 864-3659, c.l.burley@larc.nasa.gov
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RNM Prediction Comparison with XV-15 Measured Footprint
David A. Conner

Relevant Milestone: SILNT3 — Develop full vehicle noise modeling capability and validate using measured noise footprints obtained from noise
abatement flight testing; and SILNT4 — Validate capabilities for noise prediction, modeling, and reduction for rotorcraft.

Shown: Photo of test vehicle, graphic of approach profile, measured noise footprint, and RNM predicted noise footprint.

Accomplishment/Relationship to Milestone and ETG:
. Measured XV-15 noise footprints have been compared to noise footprints predicted by the Rotorcraft Noise Model (RNM) for the

purpose of validation of RNM.
. The example comparison shown was for a complex, multi-segmented, decelerating approach, including nacelle angle changes.
. The example comparison shows good agreement between the measured and predicted footprints. Similar results were found for

several other XV-15, V-22 and SP-412 comparisons.
Plans: RNM will be further validated for additional flight conditions and other vehicles using both multiple data bases and aeroacoustic predictions.
Enhancements to RNM are planned to (1) improve low incidence angle predictions, (2) model non-steady state flight conditions (accelerations,

turns, etc.) and (3) account for propagation effects in an inner-city setting where reflections off of buildings can significantly alter the noise
footprints, thus providing a more robust prediction capability.

POC: David Conner, Langley Research Center, (757) 864-5276, d.a.conner@larc.nasa.gov
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DGPS Tracking and Guidance System
David A. Conner

Relevant Milestone:

flight testing.

SILNT3 — Develop full vehicle noise modeling capability and validate using measured noise footprints obtained from noise abatement
SILNT4 — Validate capabilities for noise prediction, modeling, and reduction for rotorcraft.

Shown: Sketch of DGPS system concept with photograph of a guidance display attached to top of instrument panel
Accomplishment/Relationship to Milestone and ETG:

The DGPS tracking system will provide accurate time space position information relative to the ground-based microphone array. In
addition, the pilot guidance system will improve flyover precision, thereby reducing test costs.

Boeing-Mesa was awarded a contract to design and build the system and deliver it to NASA Langley. All system designs have been
completed, all instrumentation has been procured, and all software has been written. System integration is nearly complete.
tests.

Plans: Customer acceptance demonstration flight test is planned to be conducted at UTSI, Tullahoma, Tennessee during 34 week of September

2001. Upon acceptance, system will be delivered to NASA Langley. System will provide a valuable tool that will be utilized in future acoustic flight
POC: David Conner, Langley Research Center, (757) 864-5276, d.a.conner@larc.nasa.gov
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HART Il Test
Casey L. Burley, Tom F. Brooks

Goal: Develop and validate rotor wake and acoustic codes to advance systems noise prediction capabilities

Task Benefit/Payoffs:
. Provide comprehensive database for source noise model development
. Improved prediction codes for quiet rotor design and low noise operation development

Task Deliverables:
. Comprehensive benchmark database
. Advanced prediction codes: LMF for rotor wake, and BARC for broadband and BVI noise

Approach:
. Conduct HART Il in DNW
. Obtain 3-C PIV rotor wake measurements, acoustics (broadband and BVI), unsteady airloads and blade motion

. Theoretical and code development for wake, unsteady airloads and acoustic modeling

Partners:
. NASA, DLR, AFDD, ONERA, DNW
. Virginia Polytechnic Institute., Jolly Development Corporation, Florida State University

Customers: U.S. Rotorcraft industry, government, U.S. Military

Plans: Conduct the HART Il test in late September. Analyze and publish test results in FY02. Validate prediction codes using test data.

POC: Casey Burley, Langley Research Center, (757) 864-3659, c.l.burley@]arc.nasa.gov
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Rotorcraft Program

Tasks Funding Source Status Continuation actions
RAPID

Active Twist Rotor (Joint with SILNT) NASARC/Army V1 Test Complete
Projection Moire Interferiometry NASARC Fielded

Wing RotorAeroelastic Testing System NASA RC/Army Repaired

Stringer Pull-off Prediction NASARC/Army On-going

SILNT

Low Noise Planform NASARC Complete
Modulated Blade Spacing NASARC Complete
Development of Noise Abatement Procedures NASARC/SHCT/Army On-going
TiltRotor Aeroacoustic Code NASARC/SHCT/Army |Complete
Rotorcraft Aeroacoustic System Prediction NASARC On-going
Advanced Rotor Aeroacoustic Modeling NASARC On-going
Rotorcraft Noise Model NASARC/SHCT/Army |V1 Fielded

DGPS Tracking and Guidance System NASARC/SHCT/Army Near Delivery
HART Il Test NASARC/SHCT Nearly Complete

Technology Transition Workshop — September 5, 2001
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SAFOR

Goal
- reduce the rate of aviation fatalities - by 80% in 10 years
- by 90% in 25 years
- avoid increase in fatalities predicted with the doubling of operations

Aviation Safety

NASA teamed with the FAA, DoD and the aviation industry
- to advance aviation safety
- identified safety as NASA's top priority
- approved the formation of the Aviation Safety Program
- encouraged redirection of basic research to safety-related topics

Helicopter Safety
SAFOR >> improving the safety of civil helicopter operations.

analysed helicopter accidents and incidents

hosted workshop to identify problems and promising research topics
Team: NASA-Ames, other government agencies, industry and universities



Approach

Autorotation training

RIPTIDE
RASCAL

Design Guidance for IFR Certification

Carefree Maneuvering

Rotorcraft Unmanned Aerial Vehicles

Safety through Pilot Aiding
Untethered Helmet Mounted Displays

Hazard Alerting Displays

Cockpit Display of Traffic Information

Safety through Pilot Training
Course Of Action Training Tool

Safety Website

Projects to Prevent Accidents

Safety through Flight Controls
Control Designer’s Unified Interface

Perform accident analyses to determine why helicopters have accidents.

Safety through

To address

Flight controls

Pilot ading

Pilot training

safe manuevering

loss of situational awareness
obstacle avoidance

pilot error
inexperience

By doing

control law design

virtual flight testing

RUAYV control law development
IFR operations

cockpit display development
pilot aid design

safety awareness improvement
training tools development



Rotorcraft Technologies
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Sensors
Program
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Noise
Pilot Training

Modeling Methods

Flight Control Design

Advanced Sensors
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Desktop Simulation in RIPTIDE I

Flight-Test Validation on RASCAL

Handling-Qualities

Modeling Methods

Flight Control Design

Advanced Sensors

Pilot Aiding
Pilot Training

Desktop Simulation on RIPTIDE

Flight-Test Validation on RASCAL

RASCAL- Nationa In-Flight Simulator

RASCAL- National In-Flight Simulator

s 00|
|RASOAL Nationa in Fight Simuacr

Specifications, Flight test techniques
Generic studies, Limited authority,
Envelope limiting

Simulation validation/improvement
Higher-order linear (FCS) models, System
identification

Model following, Optimization

Integrated design tools, Advanced rotor
controls

Display formats/dynamics, Blade motion
Sensors

Cockpit displays, Tactile cueing

Safety awareness, Physical & mental skill
trainers

Design and evaluation studies

System design validation studies
Flight control and display laws/ Perf.
Validation

Industry/government basic research, new
systems evaluations



- Control
To enable rapid and safe design-and evaluation of

Goal
To enable rapid and safe design and evaluation of flight control laws.

Accomplishmentsto Date

» High level specifications can be easily implemented on CONDUIT to define fundamental actuator
motions and controls.

*  CONDUIT has been used to design flight control systems for the following manned vehicles: RAH-
66 , HACT Demonstrator, Boeing JSF (X-32A), RASCAL, F14D - Block Upgrade, SH-2G (Kaman),
Sikorsky S-92, F-18 (Dryden)

* CONDUIT has been used to design flight control systems for the following unmanned vehicles:
Marine “BURRO” (KAMAN), Carnegie Melon University R-50 UAV, Microcraft 9" iStar, Navy
VTUAYV (Northrop-Grumman, Ryan Aeronautical), Sharp L1 RLV Demonstrator

* RASCAL just successfully completed a peer review (including participants from Dryden) of its safe
in-flight concepts - might engage before workshop. ..

Future Plans/ Opportunities
* Flight validation of CONDUIT-designed advanced control lawsin RASCAL.
* Further development and design of control laws for other platforms

POC
Mr. Kenny Cheung 650-604-5449 kcheung@mail.arc.nasa.gov



Goal

RIPTIDE
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The goal of the Real-time Interactive Prototype Technology Integration/Devel opment Environment
(RIPTIDE) isto be ableto quickly evaluate flight control laws on your desktop.

Accomplishmentsto Date

Integrated existing tools for simulation, control system design/optimization, display law
development

Provided communication between them via shared memory so tools can function in conjunction with
each other.

Develop real time executive to control orderly operation of processes.

Combined into high-fidelity, real time, engineer/pilot-in-the-loop rapid prototyping and evaluation
environment. Specify configuration, flight condition, maneuver / mission, and environment.
Transferred to Industry via Boeing and Wright Labs

Future Plans/ Opportunities

POC

Improve simulation fidelity by improving visual system, tie in Head Mounted Display
Develop and eval uate autonomous guidance and control algorithms

Use PDA for waypoint navigation

Perform piloted simulation of S-92 helicopter with CONDUIT designed control laws

Mr. Hossein Mansur  650-604-6037 hmansur@mail.arc.nasa.gov
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First Engagement of
)4 Research Flight
Control System
Friday, August 31st!

Goal
The goal of the RASCAL (Rotorcraft Aircrew Systems Concepts Airborne Laboratory ) helicopter isto
provide aflying platform for safe evaluation of flight control and cockpit integration concepts.

Accomplishmentsto Date

» Laboratory has been created for investigation of new aeronautical systems, flight control and crew
systems technologies

» Advanced instrumentation: carrier phase DGPS precision navigation, Health and Usage Monitoring
System, and instrumentation for measuring both vehicle states and rotor states

* Research flight control system is C-language programmable, has full authority servos, and
incorporates afail-safe design concept

* Full inflight engagement of RASCAL’ s research flight control system took place August 31st

Future Plans/ Opportunities
» Validation of high bandwidth control law display design
Capture data for turbulence model development for civil helicopter flight control certification
Test displays for terrain and traffic avoidance
Support technology development for manned and unmanned air vehicles
Innovative Flight Control Concepts - carefree maneuvering with active sidestick
Rotor State Measurement & Feedback - use real time feedback for flight control

POC
Bill Hindson  650-604-1106  bhindson@mail.arc.nasa.gov



Goal
The goal of developing design guidance for civil helicopter IFR certification isto minimize civil helicopter
accidentsinvolving inadvertent flight into bad weather.

Accomplishmentsto Date
» Completed initial ssimulation to investigate civil helicopter IFR workload and to develop the basis for
eventual certification methods and design guidance for civil helicopters.
» Civil Helicopter IFR Simulation Tool successfully developed for VMS.
» Initial results show that workload can be very high, especially in turbulence.
* Only the autopilot was consistently rated as low workload. More datais required to determine what
isdesirable, and what is safe enough.

Future Plans/ Opportunities
» Obtain sufficient data to make initial estimates of rotorcraft dynamics/SAS/Autopilot for safe IFR
operations
* Assessthe effect of SASfailures

POC
Mr. ChrisBlanken  650-604-5836 cblanken@mail.arc.nasa.gov



Carefree maneuvering

To allow the pilot to extract the full capability of
the aircraft safely without exceeding limits

b e

Goal
The goal of carefree maneuvering isto allot the pilot to extract the full capability of the aircraft safely
without exceeding limits.

Accomplishmentsto Date

» Several smulations conducted - two-axis sticks tested in VM S
Reduction of envel ope exceedence was successful
Three-axis stick developed for RASCAL - NASA SBIR-funded, $600k, 3 yr.
RASCAL Installation and Testing -HUMS installation, Flight testing of digital sensors
Design and test of Bell 412 tactile cueing system
* NRC/CDFflight test, NASA Ames Director co-funded, $180k, 18 mo.

Future Plans/ Opportunities

* Integration of three-axis stick into RASCAL
RASCAL Installation and Testing - Data gathering using HUMS installation
Flight testing of digital sensors, Test of SDI exceedance in future plans
Continued support of Bell 412 effort at NRC
HACT - Initiation of Phase 2 flight demonstration effort

POC
Mr. Matt Whalley 650-604-3505 mwhalley@mail.arc.nasa.gov



Rotorcraft Unmanned Aerial Vehicles
To reduce the time and cost of RUAYV flight control
development and achieve satisfactory handling-
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Goal
To reduce the time and cost of a Rotorcraft Unmanned Autonomous Vehicle (RUAV) flight control system
development effort and achieve satisfactory handling-qualities.

Accomplishmentsto Date
» Developed a seamless interface between design an optimization tool, a desktop simulation tool and
external simulation models.
» Demonstrate control law optimization and simulation of 9” diameter ducted-fan UAV
» Flight test validation of new RUAV tools
» Cooperative Research Development Agreement to support DARPA OAV (FCS) with
Honeywell/AeroVironment

Future Plans/ Opportunities
» Other RUAYV research applications in 2000/2001: VTUAV (Navy/Northrop), Burro (Kaman), R-50
(CMU)
» Address key technical challenges: RUAV specific sensors and controls, dynamic response
» Designrequirements for UAV mission, integration of RUAV design tools

POC
Mr. Jason Colbourne  650-604-6194 jcolbourne@mail.arc.nasa.gov
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Goal
The goal of developing an untethered head mounted display is to improve pilot —vehicle performance
through better situational awareness.

Accomplishmentsto Date
* A light weight, low power, untethered HMD has been sel ected as an appropriate candidate for this
project.
* ThisHMD has been integrated into the RIPTIDE research simulator environment.

Future Plans/ Opportunities
« Determine performance limits with respect to reconstruction of amotion signal
* Develop embedded algorithms for signal up-sampling and decoding

POC
Dr. James Larimer 650-604-5185 jlarimer@mail.arc.nasa.gov
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Goal
The goal of the hazard alerting displays work isto help pilots avoid hitting things. This display helps

cropduster pilots avoid wires.

Accomplishmentsto Date
* Interviews were conducted with agricultural applicators to understand the complex nature of this

pervasive problem.
» Based on these interview, an appropriate wire alert was devel oped.
« A simulation has been conducted to test the effectiveness of wire alerting.
* Analysis of the data has shown that wire alerts can reduce strikes and improve consistency of

performance.

Future Plans/ Opportunities
* Simulation of avoiding unseen wires for greater realism.
» Tactile cueing (steering cue & hazard alert ) in seat back (with U.W.Florida)

* Demonstration to Trimble.

POC
JoeDeMaio  650-604-6974  jdemaio@mail.arc.nasa.gov

11



ormation
0 avoid 't--f:;;w i

Sontroller ass tance -f(

Goal
The goal of Cockpit Display of Traffic Information work isto allow pilots to avoid mid-air collisions
without controller assistance.

Accomplishmentsto Date
» Developed the display concept for traffic avoidance with multiple variations.
* Conducted a simulation which tested four display configurations in non-real-time laboratory task.
» Analysisof dataindicates that one configuration is particularly helpful in assisting identification of
potential mid-air collisions.

Future Plans/ Opportunities
* Simulate and evaluate the displays in identifying multiple conflicts.
« Simulate flight with conflict detection.

POC
JoeDeMaio 650-604-6974 jdemaio@mail.arc.nasa.gov
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Goal
This Course of Action Training Tool is designed to improve pilots decision-making skills and reduce the
number of accidents due to pilot error and inexperience.

Accomplishmentsto Date
» Typica emergency medical transport (EMT) mission scenarios were defined
» A decision network was developed including nodes for the environment, aircraft states, and external
events.
» A prototype, low-cost decision trainer was developed which integrates computer simulation, full
motion video, still photographs, and audio.
* The prototype is undergoing field evaluation.

Future Plans/ Opportunities
* Incorporate improvements based on feedback from field test.
» Transition to web based trainer.
» Expand training application to other missions.

POC
Lynne Martin 650-604-0648 |Imartin@mail.arc.nasa.gov

13



| 1 MASA's Onal Helicopter Safety Website B E

Safety Website

2| To reduce accident rate by giving pilots a one-
stop shop for helicopter safety information
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Goal
The goal of the NASA helicopter safety web siteisto reduce the accident rate by giving pilots a one-stop
shop for helicopter safety information.

Accomplishmentsto Date
» The accident analyses are compl ete and have been published.
* The NASA Helicopter Safety Web Site “ safecopter” has been posted
* Columns: updates from the FAA, reprints of Rotor & Wing articles, Aviation Safety Reporting
System articles, “autorotation” articles, Bell’s Heliprops, accident summaries and statistics.
* Providesinformation on safety aids and alist of links to other safety minded helicopter websites.
* Thewebsiteisreceiving hits from ~2000 sites per month.

Future Plans/ Opportunities
* Add an economic analysis of an accident, more mission specific information, training and
mai ntenance sections.
* Add searchable databases for accidents and safety articles.
* Developinteractiveillustrations of potentialy risky maneuvers, vehicle states, & failures.

POC
Lauralseler 650-604-0872 liseler@mail.arc.nasa.gov



Goal
The goal of the autorotation training task is to reduce the autorotation accident rate through simulation.

Accomplishmentsto Date
» A simulation was conducted to examine the fidelity requirements of motion and the contributions of
texture and grid upon successful autorotation performance.
» Thecritical cues of attitude, horizontal speed, and vertical speed were measured objectively and
subjectively.
* The simulation produced some distinct differences between the conditions which will feed into
recommendations for an autorotation simulator.

Future Plans/ Opportunities
» Develop ahead up display for autorotation training.
* Conduct aVMS experiment using R-22 model, integrating best ideas to date.
» Perform transfer of training study.

POC
Munro Dearing 650-604- 3130 mdearing@mail.arc.nasa.gov
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SAFOR Status

TASKS

Item

Funding Source

Status

Continuation actions

Safety through Flight Controls

Control Designer’s Unified Interface NASA/ Army Nearly complete Army - partial
RIPTIDE NASA/ Army Complete Army - partial
RASCAL NASA/ AvSP Engagement
imminent
Carefree Maneuvering NASA Ongoing Army - partial
RASCAL flts not included
Design Guidance for IFR Certification NASA Ongoing
Rotorcraft Unmanned Aerial Vehicles NASA/ Industry Ongoing Industry, Army - partial
NASA - Intelligent Systems
Safety through Pilot Aiding
Untethered Helmet Mounted Displays DARPA/NASA Ongoing DARPA
Hazard Alerting Displays NASA Ongoing Army
Cockpit Display of Traffic Information NASA Ongoing
Safety through Pilot Training
Course Of Action Training Tool NASA Phase 1 complete
Safety Website NASA Phase 1 complete
Autorotation training NASA Ongoing
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@~AT  GRC Rotorcraft Drive System £
o Research Overview ~

Rotorcraft Program
Overall Objective:
Develop advanced drive system technologies that make
significant improvements in safety, noise, and design efficiency
through improved physics-based modeling that is complimented

with experimental validation.

Approach:
— In-house experimental and analytical activities

> 25 years of aerospace drive system research

experience
> 10 years of intimate company-government interactions

Company liaisons — regular visits to the manufacturer

— Grant activities

— SBIR
— NRTC collaborative studies

Technology Transition Workshop — September 5, 2001

The overall objective of the rotorcraft drive system research at Glenn is to develop advanced drive system
technol ogies that make significant improvements in safety, noise reduction, and design efficiency.




AT GRC Experimental Facilities

A for Drive System Research

Rotorcraft Program

Technology Transition Workshop — September 5, 2001

Glenn Research Center has a number of unique, world class experimenta facilities for drive systems
research. The research facilities include components test rigs to study various parametric effects on the
fatigue characteristics of gears, along with transmission test rigs to study overall system effects.



@AT Drive System Research Topics &

Rotorcraft Program

. Safe All-Weather Flight Operations for Rotorcraft
® Gear thermal management for fail-safe operation under minimum

lubrication conditions
® Drive system sensor fusion for increased reliability of HUMS systems

® Gear crack propagation studies - Guidelines for ultra-safe design

# Revolutionary Approaches to Produce Innovative Design Technologies

1 d '
M' Application of nano-tubes to drive system components to dramatically

increase strength and reduce weight
® Variable speed drive system studies for future vertical lift aircraft

® Gear surface engineering research to increase power to weight metric
® Gear superfinishing research to improve power density and efficiency

SILNT- Select Integrated Low Noise Technologies

® Development of wave bearing to reduce gear noise and gear-induced

vibration
® Technologies to reduce gear noise at the source

Technology Transition Workshop — September 5, 2001
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Develop an understanding of the thermal behavior of high-speed helical gear train systems operating in
normal and emergency conditions that include |oss-of-lubrication on full scale, aerospace quality test

hardware.

Accomplishmentsto Date

Facility designed, fabricated, and installed at NASA Glenn Research Center
Facility operated to full speed (15000 RPM) and power (5000 hp) condition for baseline test
hardware (V-22) at various lubrication conditions

Future Plans/ Opportunities

POC

Continue baseline tests for evaluating the effect of shrouds and heat sinks

Evaluate the effectiveness of coatings and superfinishing on gear system thermal behavior
Conduct loss-of -lubricant tests on baseline hardware

Continue testing on three different gear design configurations

Dr. Robert Handschuh, Glenn Research Center, (216) 433-3969, Robert.F.Handschuh@grc.nasa.gov
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Rotorcraft Program

. Safe All-Weather Flight Operations for Rotorcraft
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Goal
Develop an improved emergency |ubrication methodology that will significantly reduce the weight, size,
and complexity of current systems required to satisfactorily survive loss-of-lubrication operation.

Accomplishmentsto Date
»  Component testing on current synthetic turbine engine lubricants evaluated and documented.
» Testing of advanced lubricant that has low friction properties at elevated temperatures is underway

Future Plans/ Opportunities
» Continue baseline tests for evaluating the effect of [ubricant constituents and flow rate requirements
that will be verified through extended testing at the component level.
» Evauated effectivenessin full scale high speed helical gear train system

POC
Dr. Wilfredo Morales, Glenn Research Center, (216) 433-6052, Wilfredo.M ora es@grc.nasa.gov
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Rotorcraft Program
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Goal
Perform tests in the NASA Glenn Spur Gear Fatigue Test Rig to assess the individual integrity of the oil
debris sensor and vibration algorithms FM4 and NA4 to verify all are good predictors of transmission health

Accomplishmentsto Date

» Verified changein oil debris mass is comparable to vibration algorithmsin detecting pitting damage.
Results published in NASA TM 210371 presented at the 13" International Congress on Condition
Monitoring and Diagnostic Engineering M anagement, December 2000.

» Found vibration algorithm NA4 sensitive to minor load changes. Devel oped a technique to minimize
the effect of load on NA4. This technique was published in NASA TM 210671 presented at the 55t
Meeting of the Society for Machinery Failure Prevention Technology, April 2001.

» Installed avideo inspection system on the rig capable of following gear damage progression.

* Verified the need for data fusion/fuzzy logic techniques to set threshold limits that discriminate

between stages of pitting wear.

Future Plans/ Opportunities
* Thestated goal was met. Future plans listed on next slide.

POC
Paula Dempsey, Glenn Research Center, (216)433-3398, paul a.j.dempsey@grc.nasa.gov
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. Safe All-Weather Flight Operations for Rotorcraft

Integration of oil and vibration data results in a system
with improved detection/decision making capabilities

FM4,NA4 and Oil Debris Output of
Fuzzy Logic Model

e

:
: . i Ll | 4
} - ' Q031
S o021
| 3 014
i L o
I'JI"' 0 500 1000 1500 2000 2500 3000 3500
S J
|

—_— Reading Number

Technology Transition Workshop — September 5, 2001

Goal
Integrate oil debris and vibration based gear damage detection techniques into an intelligent health

monitoring system model capable of detecting gear pitting damage. Demonstrate integration of the two
measurement technologies results in a system with improved detection and decision-making capability.

Accomplishmentsto Date

Collected vibration and oil debris data from 24 experiments with and without pitting damage.

Verified when using an inductance type, on-line, oil debris sensor, that accumulated mass, as the
damage feature predicts gear pitting damage. Combined accumulated mass with fuzzy logic analysis
techniques to predict transmission health. Results published in a NASA TM 210936 to be presented at 14"
International Congress on Condition Monitoring and Diagnostic Engineering Management, September
2001.

Developed asimple model integrating vibration and oil measurement technologies using fuzzy logic that
discriminates between stages of pitting wear. Verified Integration of the two measurement technologies
results in a system with improved detection and decision making capabilities. Results published in NASA
TM 211126 to be presented at the IEEE Aerospace Conference in March 2002.

Future Plans/ Opportunities
Integrate the oil debris and vibration measurement technologies using multisensor data fusion

techniques. Data fusion incorporates expert knowledge of the diagnostician into the system, relieving the
end user of interpreting large amounts of sensor data. The system provides improved damage detection and
decision-making capabilities. Results to be published and presented at the AHS Meeting in June 2002.

POC
Paula Dempsey, Glenn Research Center, (216)433-3398, paula.j.dempsey@grc.nasa.gov
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. Safe All-Weather Flight Operations for Rotorcraft
Backup ratio = 3.3

Develop design guidelines to
prevent rim fracture failure modes
in gear tooth bending fatigue
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Goal
The goal of this effort was to validate gear crack propagation analysis methods and determine the effect of

rim thickness on gear crack propagation path. Thiswas aninitial step in developing design guidelines to
prevent rim fracture failure modes in gear tooth bending fatigue.

Accomplishmentsto Date

A finite element based computer program along with principles of linear elastic fracture mechanics
simulated gear tooth crack propagation. Gears with various backup ratios (rim thickness divided by tooth
height) were tested in a gear fatigue test facility to validate crack path predictions. Good correlation
between analysis and experiments was achieved.

Future Plans/ Opportunities
Develop design guidelines to prevent rim fracture failure modes in gear tooth bending fatigue

POC
Dr. David Lewicki, Glenn Research Center, (216) 433-3970, david.g.lewicki@grc.nasa.gov
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Goal
The goal of this effort was to develop design guidelines to prevent rim fracture failure modes in gear tooth

bending fatigue.

Accomplishmentsto Date

Analysis was performed using the finite element method with principles of linear elastic fracture mechanics.
Crack propagation paths were predicted for avariety of gear tooth and rim configurations. The effects of
rim and web thicknesses, initial crack locations, and gear tooth geometry factors such as diametral pitch,
number of teeth, pitch radius, and tooth pressure angle were considered. Design maps of tooth/rim fracture
modes including effects of gear geometry, applied load, crack size, and material properties were developed.

Future Plans/ Opportunities
Determine the effects of speed on gear crack propagation direction.

POC
Dr. David Lewicki, Glenn Research Center, (216) 433-3970, david.g.lewicki@grc.nasa.gov
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Rotorcraft Program
1) Revolutionary Approaches to Produce Innovative Design Technologies
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Goal
Develop an understanding of how emerging nanotube technology area could be applied to drive system
components in an effort to reduce weight while increasing structural capabilities.

Accomplishmentsto Date
» Grant at the University of Michigan established, May 2001, Dr. Peretz Friedmann Principal

Investigator

Future Plans/ Opportunities
» Continue manufacture development to establish large nanotube quantity capability
* Imbed nanotubes manufactured in composite material and conduct basic materia strength testing

Devel op proof-of-concept gear-shafting system

POC
Dr. Wilfredo Moraes, Glenn Research Center, (216) 433-6052, Wilfredo.Moral es@grc.nasa.gov
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Goal
The goal of thiseffort isto explore various traditional and non-traditional variable speed concepts for

rotorcraft transmissions. By optimizing engine and rotor speeds individually, significant noise reduction
can be achieved.

Accomplishmentsto Date
A research grant has been established with the Ohio Aerospace Institute. The research team consists of two

prominent former rotorcraft transmission designers. Various preliminary concepts are currently under
investigation.

Future Plans/ Opportunities

Down select most promising transmission configuration concepts. Development preliminary designs and
guantify benefits of variable speed configuration concepts.

POC
Dr. David Lewicki, Glenn Research Center, (216) 433-3970, david.g.lewicki@grc.nasa.gov
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Goal
The goal of the project has been to increase the power to weight metric (power density) of aircraft gearing.
New life theories for gearing are being evaluated and developed. Surface fatigue life is measured using the

NASA Glenn Spur Gear Test Rigs.

Accomplishmentsto Date

NASA Glenn has, over about 30 years, compiled an experimental database for gear surface fatigue life. The
database includes more than 900 tests comprising more than 100 billion test cycles. Recently, hard thin
surface coatings have been screened, and a limited number of coatings have been found to have excellent
adhesion and good durability. New statistical tools are available to optimize test planning and to
objectively compare new technologies to the database. Gear fatigue mechanisms and life theories are being
proposed and evaluated.

Future Plans/ Opportunities
The Spur Gear Fatigue Rigs can be used to benchmark promising new technologies such as new gear steels,

duplex hardening, coatings, shot peening, and laser shock peening.

POC
Timothy Krantz; tim.krantz@grc.nasa.gov; (216) 433-3580
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Goal
The goal of the project has been to evaluate the performance benefits that can be attributed to providing a

superfinised (mirror-like) gear tooth surface.

Accomplishmentsto Date

Experiments have shown that gears can be superfinished while maintaining lead and profile geometry. The
superfinishing allows for reductions in friction, increased scoring loads, and increased surface fatigue life.
Preliminary research to provide superfinished surfaces by grinding rather than polishing has been
completed.

Future Plans/ Opportunities

Glenn Research Center will be participating in an army funded project to implement superfinishing for army
helicopters. Project oversight is provided by a process action team that includes government and industry
persons. Interested parties are welcome to provide input to the process action team. Near term projects
include the evaluation of surface fatigue and bending fatigue lives of superfinished Pyrowear 53 spur gears.
Some testing will also be done to evaluate superfinished spiral bevel gears

POC
Timothy Krantz; tim.krantz@grc.nasa.gov; (216) 433-3580

14



in - Development of Wave Bearing to Reduce s %7

ey AN , ) ) fecin
= Gear Noise and Gear Induced Vibration k4

Rotorcraft Program
SILNT- Select Integrated Low Noise Technologies

Wave Bearing Performance

Performance exceeds specification
10,000

measured

dear Load (N)

load \

design spec
two zones of pressure 16,000
Speed (rpm)
to support gear load

Technology Transition Workshop — September 5, 2001

Goal
The goal of the project has been to study the feasibility for application of fluid film bearings to main rotor

helicopter transmissions to reduce gear noise.

Accomplishmentsto Date

A unique fluid film bearing concept, the wave bearing, was developed as part of NASA’s general aviation
program (GAP). The bearing was designed for an epicyclic gearbox. Measurements show that the bearing
isstablein al regimes, robust, and has sufficient load capacity. Design codes have been substantially
validated. Design feasibility studies show that the bearing has potential for rotorcraft. The fluid film
bearing will provide significant damping for noise reduction.

Future Plans/ Opportunities

Detail drawings have been completed for afluid film wave bearing for NASA Glenn’s Gear Noise Rig.
Funds from the current base program are not sufficient to manufacture the parts. Completion of the work
would alow for adirect comparison of noise reduction by replacing rolling element bearings with fluid film
bearings.

POC

Timothy Krantz; tim.krantz@grc.nasa.gov; (216) 433-3580
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Goal
The goal of this effort was to conduct fundamental experimental research to relate gear design to the

resulting generated gear noise. The research community has established a strong correlation of gear
transmission error to gear noise. As such, various hypothesis have been proposed to control gear
transmission error by appropriate gear system design. The measurement system pictured was developed to
validate proposed concepts and codes. The system enables measurement of gear transmission error at high
operating speeds and loads. Thisisaunique capability, with only 3 known systems world-wide with
comparabl e resolution at speed.

Accomplishmentsto Date
The system has been calibrated and installed into the NASA Glenn gear noise facility. Baseline gear
specimens are available for experiments.

Future Plans/ Opportunities
The experimental capability isavailable. The sytem isvaluable for fundamental studies of gear dynamics,
gear noise and code validation experiments. Limited numbers of gear pairs are available for testing.

POC
Timothy Krantz; tim.krantz@grc.nasa.gov; (216) 433-3580
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TASKS

SAFOR

1. Gear Thermal Management

2. Drive System Sensor Fusion (HUMS)

3. Gear Crack Propagation Studies

RAPID

1. Application of Nano-tubes to Drive System Components
2. Variable Speed Drive Systems

3. Gear Surface Engineering Research

SILNT

1. Development of Wave Bearing to Reduce Gear Noise
2. Technologies to Reduce Gear Noise at the Source

Technology Transition Workshop — September 5, 2001

Funding Source Status Continuation actions
NASA On-Going

NASA On-going

NASA Phase | complete

NASA Just Started

NASA Just Started

NASA On-Going

NASA On-Going

NASA On-Going
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» Briefly describe NRTC collaboration
and technology focus areas (for the
benefit of potential new government
participants)

 Provide synoptic view of knowledge
product from 6 years of NRTC/RITA

collaboration
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Project Goal

» Ensure NASA and DoD access to_high TRLrotorcraft technology to meet
the needs of the national air transportation system and the national

defense.

Technical Objectives

* Implementdesign tools in the domestic rotorcraft industry that will
provide faster, higher quality, and more reliable designs for civil and DoD
missions

* Implementntegrated design and manufacturing technology in the
production of new rotorcraft to improve performance, quality, and safety.

* Implement high TRLnoise reduction technology to reduce noise levels
in the cabin and the noise footprint in the community.

» Develop and implement rotorcraft operational and certification
procedures, and subsystems to improve aviation safety.
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PETO

pproach
*  “Pre-competetive” technical agenda proposed by Industry, with
Government advisory review

* 50/50 Cost sharing between Government and Industry

» Sharing of results within Rotorcraft Industry Technical Association
(RITA) and Government. (Intellectual Property belongs to RITA)

Benefit

* A globally competitive U.S. rotorcraft industry augmented by
Government laboratory and University developed technology

Partners
* National Rotorcraft Technology Center (U.S. Army, U.S. Navy, FAA)

* Rotorcraft Industry Technical Association (Bell, Boeing, Sikorsky, RITA
Academic and Supporting members)
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University
of
Maryland

Corporation

Technologies,

Collaboration is akey element in the success of the National Rotorcraft Technology Center. The center isa
partnership of government, industry, and academia. Participating government agenciesinclude NASA, the
Army, the Navy, and the FAA. NASA isthe hosting agency, providing a venue for the government office at
Ames Research Center and administrative support for program management. The Army provides
significant funding and staff support to interface with other research programs within AFDD and AATD.
The Navy and FAA also provide staff support to interface with complementary programs at NAVAIR and
the FAA Tech Center. Roles and responsibilities among the government participants are defined within
several Memoranda of Understanding. A funded cooperative agreement, devel oped under the guidelines of
the NASA Grants Handbook defines the functional and funding relationships between the government and
the rotorcraft industry technology association (RITA). RITA isanon-profit corporation comprised of three
principal rotorcraft manufacturers (Bell Textron, Boeing Helicopters, and Sikorsky Aircraft), several
supporting members compani es who supply components and subsystems to the aircraft industry, and about
a dozen associate university members who have a strong research focus in the technology base supporting
rotary wing aircraft. Roles and responsibilities among RITA members are defined in the RITA bylaws and
operating procedure documents. The NRTC government office also manages a Rotorcraft Centers of
Excellence (RCOE) program led by the Army and supported by NASA. This program funds basic research
in rotorcraft-related disciplines through cooperative agreements with three academic centers.
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- 80 to 100 projects per year
RITA WBS:

» Aeromechanics, Handling Qualities, and Acoustics

* Structures and materials

» Composites Development

 Design, Manufacturing Technologies and Integration
» Manufacturing Technologies

» Crewstations, Avionics, and HUMS

» Subsystems Technologies

» Operations and Certifications

NASA WBS:

* Noise Reduction

* Aviation Safety

* Design Tools

* Integrated design and Manufacture

Rotorcraft Transition Workshop — September 5, 2001

RITA proposes a comprehensive technical program each year comprised of up to 100 individual projects
organized according to awork breakout structure that is effective in the context of the industry’s
requirements. The program is reviewed by the NRTC government office, with feedback to RITA that aims
to leverage government assets and knowledge base, and maximize the effectiveness of each project. Each
participating government agency may choose to organize the annual technical program according to aWBS
that is aligned with agency goals and objectives.
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NASA Milestones
Transition to Products

Literature

* Annual reports
* Final Reports
* Publications
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Milestones that typically identify technology transition to product are defined collaboratively with RITA.
Technical milestones are typically chosen in areas of broad RITA teaming, often at the conclusion of a
multi-year sequence of RITA projects (subtasksin NASA NRTC project nomenclature). Technical
milestones are reported as tasks within the NASA Rotorcraft Program management system. The primary
objective of the NRTC project is technology transfer, both within participating RITA companies and with
the government. An single project level annual milestone addressing this objectiveisthe RITA year end
review.



Technical Accomplishments

" \ational Rotorcraft Technology Center
J Rotorcraft Crashworthmess

BiETO

January 2001

Relevant Milestone: Demonstrate strong correlation of analytic model predictions with full-scale existing and
new water/soft-soil-impact test results. (NRTC #12, January, 2001)

Shown:, Actual fuselage damage from full scale crash test compared with prediction of crash damage to UH-1H
fuselage for soft soil crash conditions.

Accomplishment / Relation to Milestone and ETO:

® Finite element modeling has been used to characterize the airframe, aircraft skins, impact media (water and
soil), and contact surface. A simulation of the crash tests in both soft soil and water have been computed,
along with resulting accelerations and damage to the rotorcraft structure. Crash tests in both water and soft
soil have been performed with full scale hardware. Test results have validated the models.

® Cabin and seat G-forces for water and soft soil crashes are more severe than hard surface crashes because
landing gear are not as effective. This modeling and test effort has identified the need for a revised standard
for energy absorption in seats and floor structures. These results will lead to much better crash survivability
for rotorcraft passengers and crew, contributing to the safety enterprise technology objective. This research
received the American Helicopter Society 2001 Harry T. Jensen Award for an outstanding contribution to
improved helicopter safety.

Future Plans: This analytical capability will be used to design safer rotorcraft. The analysis will be extended to
include the special structural requirements of large rotorcraft. The industry will develop a new generation of
energy absorbing metal and composite structures in the landing gear, floor and seats.

ETO: Safety

Rotorcraft Transition Workshop — September 5, 2001

Thisis an example of the way technical milestones are reported to NASA management. These 2-page
summaries are available for all Project milestones.



!  Technical Accomplishments ‘==
R‘c']"t"o"r'(":'rsllgti’:c’)rr?aglrgr(?torcraft Technology Center
N'-m-n! Finite element models can accurately predict
crash damage
AHS 2001
Harry T. Jensen
Award

Actual full scale crash test specimen, showing Finite element model of UH-1H helicopter floor and
damage to aircraft skins and airframe structure bottom surface structure after crash onto soft soil

Rotorcraft Transition Workshop — September 5, 2001

A descriptive graphic isincluded with each “ 2-pager”
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Technology Commercialization

== \lational Rotorcraft Technology Center

W'V This new aircraft will be an important
METE  component of the national air trans-
portation system, serving as a short-haul,
people-moving workhorse

V¥V S-92 provides H-60 fleet with the potential
upgrades of a more capable dynamic
system and larger cabin

V¥V NRTC/RITA contributions for S-92 design

and/or certification include: Sl ko s ky S-92

Noise and vibration reduction systems: 1) Passive (isolation/optimal sound
treatment) for cabin noise, 2) optimal active-vibration reduction

SATNAV Precision Approach for terminal area operations and noise reduction
Enhanced Ground Proximity Warning System

Electromagnetic interference protection

Rotor flaw-tolerant certification ...... with damage-tolerance data

Rotor design ....... utilizing composite-material, structural fatigue-test data
Tail-rotor flex-beam certification ....... with energy-release-rate methodology
Crashworthy structures, fuel tanks and flotation systems

Bird-strike resistance ..... certified with analysis versus extensive testing
Advanced rotor-ice-protection system

Titanium high-speed machining

d

N P U A A A O

Rotorcraft Transition Workshop — September 5, 2001

At the end of thefirst 5-year NRTC-RITA funded cooperative agreement a series of slides was prepared to
document the transition of technology to aircraft systems. This slide summarized technologies incorporated
into the Sikorsky S-76. A concentration in safety- related technologies may be noted.

11



Technology Commercialization =

- \lational Rotorcraft Technology Center
-

i Bell Agusta BA-609 Civil Tiltrotor

mETe W NRTC/RITA collaboration has
contributed significantly to the
development of a new, civil
tiltrotor aircraft that will
revolutionize vertical-flight
capabilities

V Technology enhancements for the BA-609:

-> Composite structural design and manufacture: 1) Data for defining design
allowables and (2) Many processing technologies

=> Special handling-qualities/control-law development .... for use with offshore,
oil-platform operations

= Precision, decelerating, steep-angle DGPS approaches: (1) Reduce
community noise by up to 10 dB and (2) Enhance tiltrotor / heliport IMC

operations
=> Cabin-noise prediction methodology to guide design

-> Advanced rotor-ice-protection system -- tunnel data and analytic methods

Rotorcraft Transition Workshop — September 5, 2001

The BA 609 represents state-of-the-art design for a composite aircraft, within the civil transport design
domain of primary interest to NASA. A host of new composite materials, fabrication processes, and
component applications are incorporated into itsdesign. The light weight metal parts fabricated with high
speed machining technologies are also incorporated where the cost benefit is clear. Handling qualities have
been analyzed as well, and are particularly important in view of V-22 experience. Noise reduction both
inside the cabin and in the external community, coupled with ice protection systemswill contribute to the
wide utility of this aircraft.

12



Technology Commercialization

"""" \ational Rotorcraft Technology Center

werz W NRTC/RITA collaboration has
contributed significantly to the
development of the RAH-66, a
helicopter that will revolutionize
vertical-flight capability in the
battlefield

V These technology enhancements are
incorporated or being evaluated for
use in the RAH-66 aircraft:

Boeing/Sikorsky RAH-66 Comanche
-> Integrated Helicopter Design Tools (IHDT)
- Composite design/manufacture:
* Improved design criteria .... for defining material/design allowables

* Advanced Resin Transfer Molding (RTM) ... of various structural
and non-structural components

- Paste-adhesive joining process ... for attaching stiffeners/frames
to thin skins

Rotorcraft Transition Workshop — September 5, 2001

The Boeing/SikorskyComanche design has leveraged significantly off the web-based design tools devel oped
under the Integrated Helicopter Design Technology (IHDT) and follow on Technology for Rotorcraft
Integrated Analysis and Design (TRIAD) effortswithin RITA and the government. The aircraft usesa
number of advanced composite materials and processes.

13



Technology Commercialization =

*Vational Rotorcraft Technology Center

PETO

Rotorcraft Program

- Advanced Ice Protection System for
engine inlet .... based on wind-tunnel
test results at NASA Glenn

- Improved directional-control
characteristics ... based on fan-in-fin

unsteady-aerodynamics research Boeing/Sikorsky RAH-66

-> Fly-by-wire flight control system with Comanche (Continued)

tactile pilot cueing ..... from active,
three-axis sidestick controller work

-> Health and Usage Monitoring Systems
(HUMS) .... an integral part
of aircraft systems (... benefiting
safety and cost)

Rotorcraft Transition Workshop — September 5, 2001

Comanche specifications also demand extreme agility, requiring new technologies for flight control and
man-machine interface. HUMS technology will provide critical flight safety information to the pilot and
improve the long term affordability of the weapons system.



Technology Commercialization

- \lational Rotorcraft Technology Center

" W NRTC/RITA collaboration has
mRTD . . ags

contributed significantly to
engineering improvements in
the V-22 tiltrotor aircraft

V These technology enhancements
are incorporated or being
evaluated for use in the MV-22
and/or CV-22 aircraft:

Bell Boeing V-22 Osprey

- Composites design/manufacture:
 Predictive tool for thick composites (main rotor grip, yoke and blade spar)

+ Fiber waviness (“Marcelling”) accept/reject criteria
(initial application: V-22 spindle)

« Confirmation of skin damage limits (for repair)
» High-temperature applications (engine door/work platform)

« Advanced manufacturing concepts (structural beams for inner-side skin,
frames, belly skin)

 Resin transfer molding (various structural and non-structural components)

Rotorcraft Transition Workshop — September 5, 2001

The V-22 program has significantly advanced the state-of-the-art in composite aircraft design. Technical
challenges have been overcome which permit designers to capitalize on the use of composites for
everything from very thick structures such as rotor hubs and drive shafts to very thin structures such as post-
buckled aircraft skins. Other materials development successes include grid stiffened components capabl e of
surviving high temperature environments, and resin transfer molded processes for low cost non-structural
components.

15



Technology Commercialization =

',';,\lational Rotorcraft Technology Center

PETO

Ro_.qrcraft Program

- Flow-field-analysis tool (Hybrid LES/RANS)....
correcting flow separation, tail buffet, and
rotor/fuselage interactions

=> High-speed titanium machining --- blade-fold
mechanism (6 per aircraft) ] _
Bell Boeing V-22 Osprey (Continued)

=> Avionics tailoring ..... aided by “Interference Cancellation” report (to evaluate addition of
third VHF/UHF radio in MV-22)

=> Avionics open architecture guidelines -- require-ments for a new radar system for CV-22

Composite airframe lightning protection... improved by new skin panel edge treatment
and connector bonding process

2

=> Tiltrotor-aircraft download-reduction concept (flight-validated... with
structural/weight/cost analysis)

=> Precision Pathway Terminal Guidance (PPTG) flight symbology for V/STOL aircraft

Rotorcraft Transition Workshop — September 5, 2001

RITA technology has contributes to the solution of several other challenges for the V-22, including analysis
toolsto aleviate tail buffeting, avionics architecture and RFI standards, precision navigation capabilities,
and aircraft skin treatments to mitigate the damage caused by lightning strike.



Technology Commercialization

!\lauonal Rotorcraft Technology Center

iz W NRTC/RITA collaboration has
contributed significantly to engineering
improvements in the H-60 series of
aircraft
V These technology enhancements are
incorporated or being evaluated for use
in H-60 aircraft:

Rotorcraft Program

- Modifications developed/integrated with Integrated
Helicopter Design Tools (IHDT) web-based tools

- Active vibration-reduction concepts

-> Damage-Tolerance technology .... for determining
inspection intervals for UH-60 hub; beginning
to integrate into new designs (UH-60M/X) and
SH-60R/CH-60S

-> Advanced Rotor Ice Protection System (RIPS) ....
icing tunnel test results used in H-60 Wide Chord
Blade qualification

- HUMS open-system interface specifications ... . .
U.S. Navy fleet implementation Sikorsky H-60 Series

- High-speed machining of thin-walled structures

Rotorcraft Transition Workshop — September 5, 2001

The Blackhawk and Seahawk upgrades have exercised the distributed design features of the IHDT and
TRIAD tools developed by RITA. High-speed machining technology permits the use of large monolithic
thin-wall ultralight components that improve reliability and reduce fabrication costs. Advancesin the
understand of damage tolerance in metal components subjected to the unique load spectrum encountered in
rotorcraft primary load-path components, coupled with HUMS technology to monitor and record life usage,
will permit the safer and more economical design and maintenance of these components during the fleet’s
extended servicelife. Specific sub-systems for vibration reduction and ice mitigation improve the safety
and effectiveness of the H-60 aircraft.

17



Technology Commercialization

- \lational Rotorcraft Technology Center

r Boeing AH-64 Apache
mRTD

V¥V NRTC/RITA collaboration has
contributed technologies that
improve the aircraft weight/
performance, subsystems design
and maintenance/ aircraft
readiness

-> Variable-speed, vapor-cycle technology ... more
efficient power use for avionics cooling

-> Composites technology: adaptive cure and cure-
control monitoring for new composite blades

- Damage-tolerance methodology/data for life
prediction of components (i.e., safety and lower-
cost maintenance)

Rotorcraft Transition Workshop — September 5, 2001

The Apache utilizes RITA technology init’s new composite blades. A light-weight, high efficiency vapor
cycle cooling system helps keep the pilot and avionics cool, and damage tolerance methodol ogies will
improve the safety record for the aircraft and reduce fleet operating costs.
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Technology Commercialization =

ﬁ,\lational Rotorcraft Technology Center
N.Pl"I:E

V¥V NRTC/RITA collaboration has
contributed new materials
technologies and component
designs to extend the life of
these aircraft into the next

decade

Bell H-1 Upgrades

-> Composite structures technology for lower weight and cost:
* Melt-bond-joints
* Injection-molded components
 Grid-stiffened, high-temperature structures
* Resin Transfer Molded (RTM) components

Rotorcraft Transition Workshop — September 5, 2001

Upgrades to the Cobra and Huey include RITA developed composite materials and processes that reduce
weight and cost to manufacture.



Technology Commercialization

v\lational Rotorcraft Technology Center

mRTD
V¥V NRTC/RITA Collaboration has
produced technology enhancements
that are incorporated or being
evaluated for use in the Sikorsky S-76
helicopter

Ro qrcraft Program

V These technologies have a direct
impact on the NASA OAT goals for

noise reduction, and aircraft safety: Sikorsky S-76 Series

-> New approach procedures ....... for HAI Fly Neighborly Guide/Program
and S-76 Operators Conference/Newsletters

=> Cabin tonal-noise-control technology .... demonstrated

FAA RPTERPS criteria for precision, decelerating, steep-angle DGPS
approaches ....... that reduce community noise levels and enhance
helicopter/heliport IMC operations (2000 AHS Frederick L. Feinberg Award)

-> Damage-tolerance technology ....... determines inspection intervals on
S-76C+ engine

- Enhanced ground-proximity-warning system (EGPWS) for safety.....
demonstrated system; provided draft FAA Advisory Circular for
implementation (2001 AHS Howard Hughes Award)

Rotorcraft Transition Workshop — September 5, 2001

7

RITA has developed several flight operations enhancements for the S-76 which will alleviate community
noise and reduce the number of accidents resulting from controlled flight into terrain. Interior noise
reduction subsystems technology has significantly reduced drivetrain noise transmitted to the passenger
compartment. Damage tolerance methodol ogies will also contribute to safe operation and reduced costs.
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Technology Commercialization

Rotorcraft Program

- \lational Rotorcraft Technology Center _—

Boeing CH-47 Chinook

PETO

V¥V NRTC/RITA collaboration has
contributed new materials
technologies and component
designs to increase safety, quiet
the ride, and extend the life of
these aircraft into the next
decade

= Resin transfer molding of primary structure (Improved
Fuel-Isolation System [IFIS] beams)

- HUMS open system-interface specifications,
advanced-sensor technology, and cost/benefits model

=> Interior-noise prediction and reduction

Rotorcraft Transition Workshop — September 5, 2001

The Chinook is another aircraft that is being utilized far beyond it’ sintended design life. RITA HUMS
technology will monitor and manage the performance of aging airframe, drive-train, and power-plant
components. Composite materials and noise reduction technol ogies have been applied to thisaircraft also.
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Technology Commercialization =

Rotorcraft Program
- \lational Rotorcraft Technology Center
N .

V Composite-materials and
metal-processing techniques
help build safe aircraft

V¥V NRTC/RITA collaboration has

produced technology
enhancements for Bell 407,
412, and 427 aircraft:

R

Bell 400 Series

- Composite-material structural design and manufacture:
data defining material-design allowables
........ numerous processing technologies

=> Improved resin-transfer molding (RTM) composites

- Superplastic-forming of aluminum
- High-speed machining of highly loaded, titanium parts

Rotorcraft Transition Workshop — September 5, 2001

Bell commercial helicoptersincorporate several RITA developed materials and fabrication process
technologies.



Technical Accomplishments -

.....

=== ® Annual Comprehensive Program
Overview (with CD Distribution to RITA L2000 VP Sore
Principals and Government)

® RITA reports

Rotorcraft Transition Workshop — September 5, 2001

The annual RITA Year End Review serves as the principal project level milestone in the NASA NRTC
Project, with “technology transfer” , among al government and RITA participants as the stated objective.
The RITA Technical Advisory Committee organizes and leads this meeting. Each RITA project is
reviewed against it’s proposed objectives, budget, and schedule. Accomplishments and findings are
presented and discussed, with emphasis on information that can be shared to good advantage among all
interested RITA members. A CD of al the (RITA proprietary) presentation materials is produced each year
and distributed to the RITA principal members and throughout the government. This series of CDs, (1997
through 2001) represents an important archive of the knowledge product of this NASA project.
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Project Final Reports &3
' ﬁ” lonal Rotororaft Teshnology Center

e Outline for Final Report

* Industry/DoD Need(s)

* Objective(s)

» Approach A separate section for each title]
« Technical Approach
» Technology Dissemination

* Progress and Accomplishments

» Tasks/Schedule/Cost

e Matching Industry Contributions

» Research Products (Military & Industry Benefits)

» Key Personnel

* Industry and Government Collaboration

Relevant Publications / Technical Reports

Overwew of final reports 1995-2001

Rotorcraft Transition Workshop — September 5, 2001

The Funded Cooperative Agreement that defines the rel ationship between the NRTC government office and
RITA providesfor a series of reports to be delivered to the Government as part of the life cycle of each
RITA project. In addition to periodic status reports which permit the government to monitor progress
against the project objectives and provide guidance and problem solving assistance, a comprehensive final
report is provided at the end of each (single or multi-year) RITA project series. Each final report reviews
objectives, funding, and technical approach, identifies points of contact, documents findings, and references
supporting reports and data. This series of RITA proprietary reportsis available for distribution within the
government and represents another important archive for the NASA NRTC project knowledge product.
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Open Literature Pubs

rcr rogram
e \ational Rotorcraft Technology Center

Bibliography provided with more than 80

citations
RITA TAC screens all publications to ensure that
proprietary material stays within RITA

Most effective use of open literature publications
relates to establishing standards

Rotorcraft Transition Workshop — September 5, 2001




NRTC BIBLIOGRAPHY

1. Augustin, Michadl J.; Cronkhite, James D.; Y eary, Robert D. (Bell Helicopter
Textron, Inc., Fort Worth, TX), In search of acommon HUMS - Meeting military and
commercial requirements, In: AHS International Annual Forum, 55th, Proceedings. Vol.
2 (A99-34969 09-01), Alexandria, VA, American Helicopter Society, 1999, Montreal,
Canada, May 25-27, 1999, p. 1809-1817.

2. Barber, John R. (Bell Helicopter Textron, Inc., Fort Worth, TX); Spering, Judith C.
(Boeing Phantom Works, Philadelphia, PA); Daniel, John (Boeing Co., Mesa, AZ);
Marquis, Maynard (Sikorsky Aircraft, Stratford, CT); Merkley, Donad J. (U.S. Army,
Aviation and Missile Command, Fort Eustis, VA), Integrated Helicopter Design Tools
(IHDT) - Improving rotorcraft affordability and quality, In: Vertical Lift Aircraft Design
Conference, Proceedings (A00-26651 06-05), Alexandria, VA, AHS International, San
Francisco, CA, Jan. 19-21, 2000, 12 p.

3. Barber, John R. Jr.; Donad J. Merkley, Integrated Helicopter Design Tools (IHDT),
Simulation & Modeling for Acquisition, Requirements, and Training (SMART) 2000
Conference, Los Angeles, CA, 26-28 January 2000,

4. Barber, John R., Jr. (Bell Helicopter Textron, Inc., Fort Worth, TX); Merkley, Donald
J.; Haglich, Brenda J. (U.S. Army, Aviation and Troop Command, Fort Eustis, VA),
Integrated helicopter design tools, In: AHS, Annual Forum, 52nd, Proceedings. Vol. 1
(A96-34426 09-05), Alexandria, VA, American Helicopter Society, 1996, Washington,
DC, June 4-6, 1996, p. 266-276.

5. Barber, John R.; Dr. Joseph Goldberg, Donald J. Merkley, Technology for Rotorcraft
Integrated Analysis and Design (TRIAD), Simulation & Modeling for Acquisition,
Requirements, and Training (SMART) 2001 Conference, Orlando, FL, April 16-19,
2001,

6. Bolukbasi, Akif O. (Boeing Co., Mesa, AZ), Development of an analysis
methodology for crash impacts on soft soil, In: AHS International, Annua Forum, 54th,
Proceedings. Vol. 1 (A98-34263 09-01), Alexandria, VA, AHS International, 1998,
Washington, DC, May 20-22, 1998, p. 297-304.

7. Bolukbasi, Dr. Akif, Senior Technical Fellow The Boeing Company Mesa, Arizona,
Computational Methods for Crashworthiness Analysis of Aircraft Systems, Worldwide
Aerospace Conference, Toulouse, France., September 24-26, 2001,

8. Bonilha, M. W.; Han, F. (United Technologies Research Center, East Hartford, CT);

Wadey, B. (Sikorsky Aircraft, Stratford, CT), Application of predictive and experimental
SEA to a S-92 helicopter sidewall section, AIAA/CEAS, Aeroacoustics Conference and

Exhibit, 6th (21st AIAA Aeroacoustics Conference), Jun., 2000 Report Number: AIAA
Paper 2000-2054, Lahaina, HI, June 12-14, 2000, 11 p.

9. Bonilha, Murilo; Larry Hardin, Fei Han, Bryan Wadey, Application of predictive and
experimental SEA to a helicopter sidewall section, 6th AIAA/CAES Aeroacoustics
Conference, Maui, Hawaii, USA, June 12-14, 2000,



10. Carlson, Eric Bernard, Bell Helicopter, An Analytical Methodology for Category A
Performance Prediction and Extrapolation, American Helicopter Society 57th Annual
Forum, Washington, DC, May 9-11, 2001,

11. Cioc, Carmen; Laurentiu Moraru, Theo Keith, and Ahmet Kahraman, An Integrated,
Physics Based, Lubrication Analysis Methodology for Helicopter Transmission Gear
Surfaces with Asperities, American Helicopter Society 57th Annual Forum, Washington,
DC, May 9-11, 2001,

12. Clarke, Charles W.; Y ao-Cheng J. Shen (Sikorsky Aircraft Corporation), The
Development of a Rotorcraft Water-Impact Analysis Methodology, The proceedings of
the AHS Specialists Meeting on Crashworthiness, Phoenix, AZ, Sept. 1998,

13. Cronkhite, James D.; Charles Harrison, Douglas Tritsch, William Welss, Carl
Rousseau, Research on Practical Damage Tolerance Methods for Rotorcraft Structures,
In: AHS International, Annual Forum, 56th, Proceedings. Vol. 1 (A00-40501 11-01),
Alexandria, VA, AHS International, 190, Virginia Beach, VA, May 2-4, 2000,

14. Cronkhite, Jim; Bell Helicopter Textron Inc., George Schneider, Sikorsky Aircraft,
Damage Tolerance For Helicopter Structure, Workshop on Damage Tolerance in
Helicopters, Cranfield University, April 2000,

15. Davis, Mark W.; (U.T.R.C.); BrendaM. Sullivan (NASA); David Young (U.T.R.C.);
Douglas G. MacMartin (U.T.R.C.); Thomas A. Millott (Sikorsky Aircraft Corporation),
An A study of human response to helicopter interior noise., 4th Interior Noise Workshop,
NASA LaRC Structural Acoustics Branch, 35111,

16. Davis, Mark; Douglas MacMartin, David Y oung (UTRC); Brenda Sullivan (NASA
LaRC), Tom Millott (SAC), A Study of Human Response to Helicopter Interior Noise,
NASA LaRC Interior Noise Workshop, February 15-17, 2000,

17. Dobyns, Al, Bird Strike Analysis and Test of a Spining S-92 Tail Rotor, 57th Annual
Forum of the American Helicopter Society, Washington, DC, May 9-11, 2001,

18. Einthoven, Pieter (Boeing Co., Philadelphia, PA), Conclusions from Active
Centerstick evaluationsin the V-22 simulator, In: AHS International, Annual Forum,
56th, Proceedings. Vol. 1 (A00-40501 11-01), Alexandria, VA, AHS International, 190,
VirginiaBeach, VA, May 2-4, 2000, p. 446-457.

19. Einthoven, Pieter G.; David G. Miller, Jeffrey S. Nicholas, Stephen J. Margetich The
Boeing Company in Philadelphia, TACTILE CUEING EXPERIMENTS with a THREE
AXIS SIDESTICK, American Helicopter Society 57th Annual Forum, Washington, D.
C., May 9-11, 2001,

20. Eric B. Carlson, An Analytical Methodology for Category A Performance Prediction
and Extrapolation, 57th Annual Forum of the American Helicopter Society, Washington,
D. C., May 9-11, 2001,

21. Fitzssmmons, Mark (Sikorsky Aircraft Corp., Stratford, CT); EI-Wardany, Tahany;
FitzPatrick, Peter (United Technologies Research Center, East Hartford, CT), Efficient
machining of titanium rotorcraft components, 56th AHS International, Annual Forum,

Proceedings. Vol. 1, VirginiaBeach, VA, May 2-4, 2000, p. 254-267



22. Fitzssmmons, Mark; Tahany El-Wardany, Peter FitzPatrick, Efficient Machining of
Titanium Rotorcraft Components, AHS 56 Annual Forum, Virginia Beach, Virginia, May
2-4, 2000.,

23. Flemming, Robert, The Past Twenty Y ears of Icing Research and Development at
Sikorsky Aircraft, SAE AC-9C Aircraft Icing Technology Subcommittee Technical
Forum, March 12, 2001.,

24. Fuentes, Alfonso; Faydor L. Litvin, Baxter R. Mullins, Ron Woods, Robert F.
Handschuh, Design and Stress Analysis of Low-Noise Adjusted Bearing Contact Spiral
Bevel Gears, Journa of Mechanical Design, Submitted 2000,

25. Goldberg, Joseph (Sikorsky Aircraft, Stratford, CT), Accelerating helicopter design
through information technology, In: Vertical Lift Aircraft Design Conference,
Proceedings (A00-26651 06-05), Alexandria, VA, AHS International, San Francisco, CA,
Jan. 19-21, 2000, 9 p.,

26. Han, K. K.; Rice, Brian P.; Lee, C. W. (Dayton, Univ., OH), Double-chamber
vacuum resin transfer molding, In: Bridging the centuries with SAMPE's materials and
processes technology; Proceedings of the 45th International SAMPE Symposium and
Exhibition, Book 2 (A00-35476 09-31), Covina, CA, Society for the Advancement of
Materials and Process Engineering (Science of Advanced Materials and Process
Engineering Series. Vol. 45, Book 2, Long Beach, CA, May 21-25, 2000, p. 1547-1556.

27. Harris, William; David L. Cocuzzo, High Speed Machining Satisfies S92 Customers,
57th Annual Forum of the American Helicopter Society, Washington, D. C., May 9-11,
2001,

28. Holemans, Peter (The Boeing Co., Ridley Park, PA), Comparison of damage
resistance of minimum gage aluminum and composite skins, In: Advanced Materials &
Processes - Revolutionary Materials: Technology and Economics; Proceedings of the
32nd International SAMPE Technical Conference, (A01-17901 03-31), Covina, CA,
Society for the Advancement of Material and Process Engineering (International SAMPE
Technical Conference. Vol. 32), 190, Boston, MA, Nov. 5-9, 2000, p. 513-522.

29. Jankai Ram, Ram D.; O'Connell, James M.; Fredrickson, Daphne E. (Boeing Co.,
Mesa, AZ); Conner, David (U.S. Army, Joint Research Program Office, Hampton, VA);
Rutledge, Charles K. (Lockheed Martin Engineering & Sciences, Hampton, VA),
Development and demonstration of noise abatement approach flight operations for alight
twin-engine helicopter - MD Explorer, In: AHS Technical Specialists Meeting for
Rotorcraft Acoustics and Aerodynamics, Proceedings (A98-19076 04-71), Alexandria,
VA, American Helicopter Society, Williamsburg, VA, Oct. 28-30, 1997, 17 p.

30. Jayachandran, V.; Bonilha, M. W. (United Technologies Research Center, East
Hartford, CT); Wadey, B. (Sikorsky Aircraft, Stratford, CT), Modeling helicopter cabin
interior noise using a hybrid SEA/modal technique, AIAA/CEAS, Aeroacoustics
Conference and Exhibit, 6th (21st AIAA Aeroacoustics Conference), Jun., 2000 Report
Number: AIAA Paper 2000-1917, Lahaina, HI, June 12-14, 2000, 8 p.

31. Jouin, Pierre (Boeing Co., Mesa, AZ); Rice, Brian P.; Lee, C. W. (Dayton, Univ.,
OH), Material technologies for a composite helicopter main rotor blade, In: AHS



International, Annual Forum, 56th, Proceedings. Vol. 1 (A00-40501 11-01), Alexandria,
VA, AHS International, Virginia Beach, VA, May 2-4, 2000, 190, p. 228-234.

32. Kassapoglou, C. (Sikorsky Aircraft, Stratford, CT), Selection of manufacturing
technologies for fuselage structures for minimum cost and low risk. 11 - Solution and
results, Journal of Composites Technology & Research (ISSN 0884-6804), vol. 21, no. 4,
Oct. 1999, p. 189-196.

33. Kassapoglou, Christos and Alan L. Dobyns, Simultaneous Cost and Weight
Minimization of Postbuckled Composite Panels Under Combined Compression and
Shear, Structural Optimization Journal, Expected publication date: Jan 01,

34. Kim, Ran Y .; Rice, Brian P.; Crasto, Allan S. (Dayton, Univ., OH); Russell, John D.
(USAF, Research Lab., Wright-Patterson AFB, OH), Influence of process cycle on
residual stress development in BMI composites, In: Bridging the centuries with SAMPE's
materials and processes technology; Proceedings of the 45th International SAMPE
Symposium and Exhibition, Book 1 (A00-35476 09-31), Covina, CA, Society for the
Advancement of Materials and Process Engineering (Science of Advanced Materials and
Process Engineering Series. Vol. 45, Book 1, Long Beach, CA, May 21-25, 2000, p. 148-
155.

35. Lappos, Nicholas; Sikorsky Aircraft Corp; James Arnold and Paul Erway, FAA;
Edwin McConkey, SAIC, The Development of a Decelerating Helicopter Instrument
Landing Sustem Using Differential GPS, American Helicopter Society 56th Annual
Forum (not in proceedings), Virginia Beach, VA, May 2 — 4, 2000,

36. Lappos, Nicholas; Wright, David R. (Sikorsky Aircraft, Stratford, CT), The
development of a helicopter DGPS precision decel erating instrument approach, In: 1998
report to the aerospace profession - Society of Experimental Test Pilots, Symposium,
42nd, Proceedings (A99-23104 05-05), Lancaster, CA, Society of Experimental Test
Pilots, 1998, Beverly Hills, CA, Sept. 1998, p. 155-164.

37. Leigh, Edmund P. (Bell Helicopter Textron, Inc., Fort Worth, TX); Tlusty, Jiri;
Schueller, John (Florida, Univ., Gainesville), Applying high-speed machining techniques
on rotor grip configurations, In: AHS International Annual Forum, 55th, Proceedings.
Vol. 2 (A99-34969 09-01), Alexandria, VA, American Helicopter Society, 1999,
Montreal, Canada, May 25-27, 1999, p. 1774-1789.

38. Leigh, Edmund P.; John K. Schueller, Jiri Tlusty, Scott Smith, Advanced Machining
Techniques on Titanium Rotor Parts, American Helicopter Society 56th Annual Forum,
VirginiaBeach, VA, May 2 — 4, 2000, p. 235-253

39. Litvin, Faydor L.; Fuentes, Alfonso, Hawkins, J. Matthew, Handschuh, Robert F.,
Design, Generation and Tooth Contact Analysis (TCA) of Asymmetric Face Gear Drive
With Modified Geometry, NASA no. 20010035472., Jan., 2001,

40. Mathu, Gopal of Boeing, Long Beach, Analytical and Experimental Evaluation of
Active Structural Acoustic Control (ASAC) of Helicopter Cabin Noise, AIAA
Aeroacoustics Conference, Netherlands, 35915,

41. Mathur, G. P. (Boeing Co., Long Beach, CA); Fuller, C. R.; Johnson, M. E;
D'Angelo, J. (Virginia Polytechnic Inst. and State Univ., Blacksburg), Smart foam lined



trim panels for aircraft cabin noise control, AIAA/CEAS, Aeroacoustics Conference and
Exhibit, 6th (21st AIAA Aeroacoustics Conference), Report Number: AIAA Paper 2000-
1916, June, 2000, Lahaina, HI, June 12-14, 2000, 10 p

42. Mathur, G. P.; J. O’ Connell and R. JanakiRam, The Boeing Company, Long
Beach/Mesa, CA, Analytical and Experimental Evaluation of Active Structural Acoustic
Control (ASAC) of Helicopter Cabin Noise, 40th AIAA Aerospcae Sciences Meeting,
Reno, Nevada, 14-17 January 2002,

43. Mathur, G. P.; Tran, B. N.; Simpson, M. A. (Boeing Co., Long Beach, CA), Md-90
cabin noise diagnostics ground and flight tests, In: AIAA/CEAS Aeroacoustics
Conference and Exhibit, 5th, Collection of Technical Papers. Vol. 1 (A99-27801 06-71),
Reston, VA, American Institute of Aeronautics and Astronautics, 1999, Bellevue, WA,
May 10-12, 1999, p. 203-213.

44. Millott, Thomas A.; Welsh, William A.; Y oerkie, Charles A., Jr. (Sikorsky Aircraft,
Stratford, CT); MacMartin, Douglas G.; Davis, Mark W. (United Technologies Research
Center, East Hartford, CT), Flight test of active gear-mesh noise control on the S-76
aircraft, In: AHS International, Annual Forum, 54th, Proceedings. Vol. 1 (A98-34263 09-
01), Alexandria, VA, AHS International,1998, Washington, DC, May 20-22, 1998, p.
241-249.

45. Murri, Gretchen ; (VTC), Jeff Schaff (UTRC), Al Dobyns, Fatigue and Damage
Tolerance of a Hybrid composite Tapered Flexbeam, AHS 57th Annual Forum,
Washington, DC, May 9-11, 2001,

46. MURRI, GRETCHEN B. (Army Research Lab., Hampton, VA.); O"BRIEN, T.
KEVIN (Army Research Lab., Hampton, VA.); ROUSSEAU, CARL Q. (Bell Helicopter
Co., Fort Worth, TX.), Fatigue Life Methodology for Tapered Composite Flexbeam
Laminates, National Aeronautics and Space Administration. Langley Research Center,
Hampton, VA. May, 1997, Report Number: NASA-TM-112860; ARL-TR-1400; NAS
1.15:112860; NIPS-97-43364, 48P.

47. Murri, Gretchen B.; O'Brien, T. K. (U.S. Army, Vehicle Technology Center,
Hampton, VA); Rousseau, Carl Q. (Bell Helicopter Textron, Inc., Fort Worth, TX),
Fatigue life methodology for tapered composite flexbeam laminates, American
Helicopter Society, Journal (ISSN 0002-8711), Apr. 1998, vol. 43, no. 2, Apr. 1998, p.
146-155.

48. O’ Connell, James; Gopal Mathur, Ram JanakiRam, Marty Johnson, Dino J. Rossetti,
Helicopter Cabin Noise Reduction Using Active Structural Acoustic Control, American
Helicopter Society 57th Annual Forum, Washington, DC, May 9-11, 2001.,

49. Rice, Brian P.; C. William Lee, Pierre Jouin, AUTOMATED EXOTHERM
CONTROL FOR THICK COMPOSITE PROCESSING, In: Bridging the centuries with
SAMPE's materials and processes technology; Proceedings of the 45th International
SAMPE Symposium and Exhibition, Book 1 (A00-35476 09-31), Covina, CA, Society
for the Advancement of Materials and Process Engineering (Science of Advanced
Materials and Process Engineering Series. Vol. 45, Book 1, Long Beach, CA, May 21-25,
2000, p. 1062-1073.



50. Rousseau, Carl Q.; David S. Friedmann, BONDED JOINT TECHNOLOGY FOR
COMPOSITE PRIMARY STRUCTURE, American Helicopter Society 57th Annual
Forum, Washington, DC, May 9-11, 2001.,

51. Sareen, Ashish K.; Smith, Michael R.; Hashish, Emam (Bell Helicopter Textron, Inc.,
Fort Worth, TX), Crash analysis of an energy-absorbing subfloor during ground and
water impacts, In: AHS International Annual Forum, 55th, Proceedings. Val. 2 (A99-
34969 09-01), Alexandria, VA, American Helicopter Society, 1999, Montreal, Canada,
May 25-27, 1999, p. 1603-1612.

52. Sawicki, Adam J.; Minguet, Pierre J. (Boeing Co., Ridley, PA), Failure mechanisms
in compression-loaded composite laminates containing open and filled holes, Journal of
Reinforced Plastics and Composites, (ISSN 0731-6844), vol. 18, no. 18, 1999, p. 1708-
1728.

53. Sawicki, Adam; Joesph Sestrich, Eric Schulze & Pierre Minguet The Boeing
Company, Structural Response of Postbuckled Skin- Stiffener Panels Containing
Unreinforced Penetration Holes, 5th DoD Composite Repair Workshop, Coeur d’ Alene,
Idaho, November 14-16, 2000,

54. Schillings, John J.; Samuel W. Ferguson, Albert G. Brand, B. Robert Mullins, Justin
Libby, Wake Vortex Measurements of XV-15 Tiltrotor using a Mobile Ground-Based
Lidar System, American Helicopter Society 57th Annua Forum, Washington, DC, May
9-11, 2001,

55. Smith, Marilyn J. ; Li, Y eupeng, Robert G. Loewy, Development of Unsteady
Aerodynamic Prediction Techniques for High-Solidity Fans, AHS 57th Annual Forum,
Washington D.C., May 9-11, 2001,

56. Smith, Michael R., Crashworthy Structures, 3rd International KRASK Users Seminar

57. Spering, Judith; Ferguson, David; Sugiyama, Kentaro; Hirsh, Joel; Wozniak, Agnes,
Newman, Dan (Boeing Co., Philadelphia, PA), The Advanced Geometric Modeling
Project - Developing aframework for geometry, gridding, and analysis, In: Vertical Lift
Aircraft Design Conference, Proceedings (A00-26651 06-05), Alexandria, VA, AHS
International, San Francisco, CA, Jan. 19-21, 2000, 16 p.,

58..  Sundermier, Amy; John M. Daniel, Clark A. Mitchell, A Case Study in the
Application of Internet and Object-Oriented Technology to Aircraft Design, American
Helicopter Society Vertical Lift Aircraft Design Conference, San Francisco, CA., Jan. 19-
21, 2000, P190

59. Tritsch, Douglas E.; David O. Adams, Practical Application of Damage Tolerance
and Management of Rotor Structures, American Helicopter Society 56th Annua Forum,
VirginiaBeach, Virginia, May 2-4, 2000., p. 993-1002

60. Usta, Ebru; Brian E. Wake, T. Alan Egolf, Lakshmi N. Sankar, APPLICATION OF
A SYMMETRIC TOTAL VARIATION DIMINISHING SCHEME TO
AERODYNAMICS AND AEROACOUSTICS OF ROTORS, American Helicopter
Society 57th Annua Forum, Washington, D.C, May 9-11 2001,

61. Usta, Ebru; Wang, Gang; Sankar, Lakshmi N. (Georgia Inst. of Technology, Atlanta),
Application of a Symmetric Total Variation Diminishing scheme to shock noise of rotors,



AIAA, Aerospace Sciences Meeting and Exhibit, 38th, Report Number: AIAA Paper
2000-0348, Reno, NV, Jan. 10-13, 2000,

62. Varanay, Stephen; Sikorsky Aircraft Corporation, Technology Selection Process for
Thin Wall Machining and Very Efficient Machining of Titanium, American Helicopter
Society 56th Annua Forum, Virginia Beach, May 2-4, 2000, p. 268-280.

63. Vlahopoulos, Nickolas (Michigan Univ., Dept. of Naval Architecture and Marine
Engineering, Ann Arbor, M1 United States); Lyle, Karen H. (Army Vehicle Technology
Center, Hampton, VA United States); Burley, Casey L. (NASA Langley Research Center,
Hampton, VA United States), Preliminary Work for Modeling the Propellers of an
Aircraft as a Noise Source in an Acoustic Boundary Element Analysis, NASA no.
19990009873, May 1998,

64. Wang, Jinlu; George Schneider, Lars Vestergaard, Fatigue Crack Growth in Residual
Stress Fields, American Helicopter Society 57th Annual Forum, Washington, D.C, May
9-11, 2001,

65. Wilkins, Robert R., Jr. (Boeing Co., Philadelphia, PA), Integrated rotorcraft/vertical
flight operations to reduce delay and increase capacity, In: The potential of rotorcraft to
increase airport capacity; Proceedings of the Conference, (A00-13515 02-01), London,
Royal Aeronautical Society, 1999, London, United Kingdom, Oct. 19, 1999, p. 10.1-
10.16.

66. Wilkins, Robert Ryan, Jr. (Boeing Co., Advanced Rotorcraft Systems, Philadel phia,
PA United States), Integrated Rotorcraft/Vertical Flight Operations to Reduce Delay and
Increase Capacity, NASA no. 19990116762., The Potential of Rotocraft to Increase
Airport Capacity: Proceedings, Report Number: NASA no. 19990116762, Jan., 1999,



